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A new paradigm for catalyst design through chemoinformatics utilizing quantitative structure 
activity relationship was investigated.  Under this platform, two ‘core’ catalyst scaffolds were chosen.  First, 
Cinchona alkaloids were studied against an asymmetric phase transfer catalyzed cyclopropanation reaction.  
Second, (R)-BINOL derived phosphoric acids were studied in regards to the brønsted acid catalyzed Ugi 
reaction. 
In regards to Cinchona alkaloids, the concentration was first on methodology develop to rapidly 
synthesize diverse Cinchona-like analogs in a highly enantioenriched fashion.  Systematic examination of 
the C(9) aryl substitution on Cinchona-alkaloids would determine the overall steric and electronic roles of 
the C(9) position on catalyst activity.  An asymmetric metalation of quinuclidine N–oxide and trapping of 
various aldehydes was explored.  Quinuclidine was utilized as the bulk starting material.  An improved 
synthesis of quinuclidine was developed through a Henbest modified Wolff-Kishner reduction of 3-
quinuclidone.  The poor solubility of quinuclidine N-oxide made an asymmetric lithiation was elusive.  An 
alternative method was to resolve the resulting Cinchona-alkaloids from a racemic metalation and trapping.  
The foremost resolution method was a kinetic acylation of the resultant amino alcohol.  However only a 
modest selectivity factor (6.4) was observed and not synthetically useful. 
The second ‘core’ investigated was (R)-BINOL derived phosphoric acids.  The formation of the 
BPA catalysts was a synthetic collaboration, in order to rapidly access the fifty member training set.  Several 
improvements were implemented in the synthesis of the (R)-BINOL backbone derivatives.  The partial 
hydrogenation of (R)-BINOL occurred at a lower: temperature (24 °C), Adam’s catalyst loading (5 mol %), 
and pressure (150 psi) after only 24 hours.  The bromination of dimethylated (R)-BINOL was optimized 
with Br2 as opposed to a soluble bromine source. A total of 20 catalysts were synthesized. 
A classical Ugi reaction was investigated using the isolated imine, to exclude the formation of 
Passerini byproducts.  Since the Ugi reaction is traditionally catalyzed by the carboxylic acid component, 
the background reaction could serve as a significant problem.  Optimization of the Ugi reaction occurred 
through a temperature and solvent survey.  The background reaction was minimized in toluene at – 78 °C.  
The pKa dependence on brønsted acid catalysis of the Ugi reaction was demonstrated that both phosphoric 
acids and triflamides catalyzed the Ugi reaction.  The low solubility of phosphoric acids in toluene lead to 
the exclusive use of phosphoramide catalysts.  Ten BPA catalysts were screened and resulted in isolated 
enantioenriched amide, albeit in low selectivity (er 55:45). 
To combat a reversible stereodetermining isocyanide imine addition, a tethered Ugi reaction was 
investigated.  By attaching the carboxylic acid to the imine, the capture of the nitrile with the carboxylic 
acid becomes an intramolecular reaction.  An increased rate of nitrile capture would decrease the 
reversibility of the stereodetermining step.  After a solvent survey, a solvent combination of toluene and 
iii 
 
benzotrifluoride (4:1) at room temperature was found to have a suppressed background reaction, due to 
minimal imine acid solubility.  Twenty BPA catalysts were screened and an enantioenriched lactam was 
isolated, albeit low selectivity (er 55:54).  Reversibility of the stereodetermining step remains a significant 
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Chapter 1: Introduction and Background  
1.1. Cheminformatics: A Brief Overview 
Catalyst design in modern organic chemistry is a largely empirical process. After surveying a number 
of commercially available and/or privileged catalysts, further optimization occur through chemical intuition 
and/or random selection.  Eventually an effective catalyst may be found, but the process in general highly 
inefficient.  Chemical intuition could dismiss a structure based on current knowledge, but this could lead to 
exclusion of a powerful new catalyst.   
A new paradigm for catalyst design is currently being developed in the Denmark group, powered by 
quantitative structure activity relationship (QSAR) modeling.  First a specific privileged catalyst scaffold 
(“core”) is chosen, such as Cinchona alkaloids or BINOL-phosphoric acids.  Second, the substituent library 
is compiled.  A combinatory library is then generated from all the possible combinations of the core with 
various substituents at the designated diversification attachments.  Third the electrostatic and steric 
descriptors are calculated.  The electrostatic descriptors are substituent based. Each substituent is attached 
to a model core which has a discrete charge, such as N-alkylated Cinchona alkaloids.  The electrostatic 
maximum and minimum are calculated relative to the charge on the quaternized nitrogen.  Essentially an 
electrostatic map is calculated for each substituent.  The steric descriptor is a conformer dependent 
calculation.  For each member of the combinatory library, a finite amount of conformers are calculated.  
For this example, 40 conformers will be calculated.  A finite number of descriptors are chosen throughout 
the 3D chemical space.  All 40 conformers are then aligned.  Each conformer is then analyzed in respect to 
the chosen coordinates in chemical space.  If the chosen point is within the Van deer Waal’s radius of the 
conformer, then that point will receive a 1; however if the chosen point is outside the Van deer Waal’s 
radius of the conformer, then that point will receive a zero.  This process is done for all 40 conformers.  The 
values corresponding to each chosen point in space are then added together and normalized through divided 
the addition product by the number of conformers.   
A Kennard-Stone algorithm is applied to generate a training set of 50 catalysts which are a 
representative sample of all chemical space.  The training set is synthesized and surveyed against a catalytic 
reaction. The empirical data, as long as there is a spread of enantiomeric ratios, can be used to create a 
model through QSAR.  The generated model will predict a more selective catalyst.  The predicted catalyst 
is then synthesized and tested.  The empirical data can be input into the computer leading to an iterative 
process, which would end upon discovery of a highly selective catalyst.  Once the training set has been 
synthesized, an infinite number of reactions can be surveyed. Cheminformatics allows for the rapid 




1.2. Asymmetric Phase Transfer Catalysis 
Phase transfer catalysis, PTC, is the use of a transfer agent to transport ionic intermediates between 
immiscible phases.  PTC is advantageous due to the ease of scalability, mild conditions, and use of 
environmentally benign reagents.1  Commonly, the two immiscible phase are organic (toluene) and aqueous 
liquids, but liquid-solid PTC reactions are also known.  The transfer agent is typically a quaternary 
ammonium or phosphonium salt which is sufficiently lipophilic and has an affinity for both phases.  When 
the transfer agent (catalyst) is chiral, enantioinduction may be observed in the products (APTC). 
There are two general theories on the mechanism of PTC.  Both mechanisms will be explained in the 
context of alkylation of glycine imines, as an example.  Starks first proposed the extraction model (Figure 
1).2   The transfer catalyst, QBr, diffuses into the aqueous layer.  The counterion exchanges with an 
inorganic base to form the transfer hydroxide species, which then diffuses back into the organic phase.  The 
hydroxide subsequently deprotonates the glycine imine to form an enolate catalyst ion pair.  The 
electrophile traps the enolate and finally the catalyst is regenerated.  Inorganic bases do not have high 
affinities for organic solvents; therefore an alternative mechanism was described.  
 
 
Figure 1. PTC Extraction Mechanism 
 
Makosza proposed the interfacial model, (Figure 2).3  The interfacial mechanism invokes that a small 
amount of both the inorganic base and enolizable substrate are present in a water-rich organic layer, deemed 
as the interfacial region.  The deprotonation occurs in this region followed by the formation of the ion pair 
of the catalyst and enolate.  The interfacial model is widely accepted with regards to enolate PTC reactions. 





1.3. Previous Diversification of Cinchona Analogs 
Cinchona alkaloid derivatives (Figure 3) have been thoroughly investigated as catalysts in APTC 
systems. 4  Cinchona alkaloids are typically transformed into the corresponding catalysts through one high 






Figure 3. Cinchona Alkaloids 
 
Within the Cinchona alkaloid scaffold there are four regions that can be diversified (Figure 4).  Previously 
Exner and Pflatz demonstrated that the vinyl at R4 is not necessary for enantioinduction. 5  In the Denmark 
group, John Fox demonstrated that diversification at R4 did not have a significant impact upon 
enantioinduction.  The R4 vinyl was transformed to terminal alkyne which allowed for the installation of 
various aryl substituents, through a Sonogashira cross-coupling. Extensive studies have involved 
substitution at R1 and R2, but substitution of an aromatic aryl group other than a quinoline at R3 is a major 






Figure 4. Points of Structural Diversity 
 
Analogs of Cinchona alkaloids of this type have been synthesized previously.  Lygo and Crosby 
described a route towards Cinchona alkaloids containing a phenyl or naphthyl group at the C(9) position in 
place of the quinoline moiety (Scheme 1). 6  Pyridine 1 was reduced followed by nitrogen protection.  The 
pendant alcohol was oxidized followed by aryl installation via a Wittig reaction followed by a 
photochemical cis-trans double bond isomerization with I2.  Sharpless asymmetric dihydroxylation, 
epoxidation followed by ring closure afforded Cinchona alkaloid 6 in nine steps.  The disadvantage is in 
the early introduction of the C(9) aryl moiety and high step count.  A preferred synthetic route would have 








In 2009, Kobayashi demonstrated an alternative approach to Cinchona alkaloid derivatives, using 
an aryl lithium addition into 4-piperdone to install the aryl moiety (Scheme 2).7  Overall, the synthetic route 
was ten steps with a 14% overall yield in >99% ee.  The breadth of the lithium addition was only 
demonstrated with quinoline, naphthalene and benzene as the aryl moieties.   
    






Diederich demonstrated a shorter synthesis of a Cinchona alkaloid containing a 9,9’-
spirobifluorene (Scheme 3).8  This moiety was installed through an aryl lithium addition into ester 18.  The 
methodology suffered from significant epimerization.  
Scheme 3.  
 
The quinuclidine ester 18 was synthesized from 4-methyl pyridine in seven steps (Scheme 4). 
 
Scheme 4.  
 
 
Previously the Denmark group has investigated a four step synthesis with similar scope and a 
modest 33% overall yield (Scheme 5).9  The installation of the aryl moiety was through addition into the 
Weinreb amide of quincorine.  An issue was epimerization of the C(8) position.  The generality was limited, 
since an organolithium reagent was needed.  Electron-poor and sterically hindered moieties lead to 
increased epimerization of the C(8) position.  Epimerization occurred through deprotonation of C(8) and 
formation of an enol.  Reprotonation of C(8) lead to the diminished enantiopurity.  More nucleophilic and 
increased rates of reaction lead to less time the Weinreb amine was in the present of organolithium reagents.  
After addition into the Weinreb amide, a stable five-membered organolithium intermediate is formed.  This 




whereas the sterically hindered substrates had a slower reaction rate.  A second challenge would be the need 
for a diastereoselective reduction after addition.  
Scheme 5.  
 
Exner and Pfaltz reported a racemic α-metalation of quinuclidine N-oxide, 29, and trapping with 
various aldehydes (Scheme 6). 10   Exner separated the diastereomers chromatographically and the 
enantiomers were separated by preparative CSP-HPLC.  Enantioselective variations have been investigated 
with (–)–sparteine, though only minor stereoselectivity was achieved (70:30 er).11- 12 Su demonstrated that 
electron-deficient aryl moieties were not compatible with the methodology.13 




1.4. Ugi Reaction 
A multicomponent reaction consists of several convergent reactions in which three or more starting 
materials are joined together to form a single product, with incorporation of the majority of starting material 
atoms.  Multicomponent reactions allow for the formation of highly complex products from simple starting 
materials.  These reactions are done in a single pot in which all starting materials and intermediates are 
present in the reaction pot.  All step are reversible except for a final irreversible product-forming step.  
Many multicomponent reactions employ isocyanides.   




Figure 5. Isocyanide Structure 
The carbon atom is both electrophilic and nucleophilic.  The first isocyanide multicomponent reaction was 







The further development of these types of reactions were hindered by the limited availability of the 
isocyanide.  This hindrance was eliminated by Ugi in 1958 through the developed of a general method to 




The isocyanides were formed through the dehydrations of a wide variety of formamides.  Ugi further 
elaborated the Passerini multicomponent reactions through the addition of a fourth component, a primary 




The generally accepted Ugi reaction mechanism is discussed below (Figure 6).  First an imine is formed 
from the aldehyde and amine components.   
 
Figure 6. Imine Formation in the Ugi Reaction. 
In the traditional Ugi reaction, the imine is protonated by the carboxylic acid (Figure 7).  This protonation 
event lowers the LUMO of the electrophile and activates the electrophilic carbon.  The nucleophilic 
isocyanide attacks the electrophilic imine carbon, forming the first carbon-carbon bond.   
   
Figure 7. Nucleophilic Attack of the Imine. 
The carboxylate attacks the electrophilic carbon formed from the addition of the imine and isocyanide.  
Finally an irreversible 1,4-(O→N)acyl shift occurs to the diamide, the more thermodynamically stable 





Figure 8. Final Steps in the Ugi Reaction Mechanism 
Imine formation is facile in protic solvents, but when the reaction solvent is changed to a polar 
aprotic solvent, the imine formation is slowed.  This can cause a competitive pathway, also known as the 
Passerini reaction.  An enantioselective lewis base-catalyzed Passerini-type reaction was demonstrated in 
this laboratory.17  To favor the desired Ugi pathway in an aprotic solvent, the imine must be performed 
rather than generated in situ. 
Asymmetric Ugi reactions were first demonstrated through the use of chiral auxiliaries (Scheme 
10). 18   These reactions are not atom economical.  Cleavable isocyanides, the most common being 






Various carboxylic acid isosteres have been investigated.  The most recent have been N-hydroxyimides 
(Scheme 11).20  This new Ugi reaction demonstrates that these multicomponent reactions can be catalyzed 




Applications of the Ugi reaction have been shown in macrocyclizations of cages21 as well as in diversity 
oriented synthesis of potentially biologically active molecules.22  To this day there has not been a Brønsted 
acid catalyzed four-component Ugi reaction. 
1.5. Brønsted Acids: 1,1’-Bi-2-Napthol (BINOL) Phosphoric Acids 
(R)-BINOL phosphoric acids have been widely used in catalysis.  These moieties are largely used 




phosphinic acids to mimic enzymes in nature (Figure 9).23  The R1 positions could be altered to have a 
narrow and well-defined pocket for substrates.    
 
Figure 9. General Representation of (a) Phosphinic Acid (b) Phosphoric Acid 
The usage of (R)-BINOL derived phosphoric acids as chiral resolving agents has been known for 
over 40 years.24  However, the use of (R)-BINOL derived phosphoric acids as catalysts was pioneered by 
Akiyama a decade ago. Akiyama demonstrated the use of chiral Brønsted acids to catalyze the Mannich 
reaction.25  Brønsted acids are dependent upon the acidity of the proton for catalysis.  Rueping et.al. 
measured the pKa of BINOL derived phosphoric acids in acetonitrile (Figure 10).26  The catalyst pKa scale 
is depicted below: 
 
 
Figure 10. pKa Values of (R)-BINOL Phosphoric Acids in Acetonitrile 
 
The thiol BINOL derivatives were added to the pKa scale, in DMSO (Figure 11).27 
 
  




(R)-BINOL derived Brønsted acids have been demonstrated to catalyze a three-component Ugi 
reaction, most recently by Zhu (Scheme 12).28  This precedence was used to start the investigation of a 
traditional four component Ugi reaction catalyzed by (R)-BINOL derived phosphoric acids.   
Scheme 12. 
 
In this case, facial discrimination in the enantiodetermining step is assisted by an intramolecular attack, 
which arises from the fact that the aldehyde and carboxylic acid are tethered.  This limits both the scope 
and synthetic utility. 
1.6. Research Objectives 
The APTC transformation used to benchmark the Cinchona alkaloid catalysts was the double 
alkylation of a glycine iminoester to form a vinyl cyclopropane (Scheme 13). 29 Previous optimization at R1 
and R2 (Figure 9) only led to a maximum observed er of 89:11 in the cyclopropanation reaction. 






The focus of the first project is to develop a method to quickly synthesize diverse Cinchona-like analogs, 
with various substitutions of the C(9) aryl group, in a highly enantioenriched fashion. 
 Two Brønsted acid catalyzed Ugi reactions were developed to survey (R)-BINOL derived 
phosphoric acids, BPA (Scheme 14).  The first reaction explored a more classical type of Ugi reaction. 
Scheme 14.  
 
 






The formation of the BPA catalysts was a synthetic collaboration with others members of the group, to 
access the fifty catalysts as fast as possible. 
The catalyst development was to be guided by computer-guided models derived from quantitative 
structure-activity relationships (QSAR). 30   First an in silico library of Cinchona-like alkaloids or (R)-
BINOL phosphoric acids would be generated.  From the library, a subset would be chosen as a training set 
that would be synthesized.   The enantioselectivity of the training set would be tested on the 
cyclopropanation (APTC) or Ugi Reaction (BPA).  The data generated would be used to improve the model.  






Chapter 2: Investigation into a General, Asymmetric Synthesis of Cinchona 
Alkaloid Analogs towards Asymmetric Phase Transfer Catalysis 
2.1. Results 
To systematically study the effects of diverse arenes at the R3 position, a rapid and modular 
synthetic route was designed. The proposed route first involved the formation of a frustrated lewis acid-
base adduct (Scheme 16).  Secondly, a directed ortho-lithiation of the α-position of the nitrogen on the 
lewis acid-base adduct would occur through selective deprotonation of an enantiotopic hydrogen using a 
chiral diamine ligand. The R3 group could then be installed through trapping of the organolithium with 











These Cinchona alkaloid analogs would have then been studied as the quaternary ammonium salts in APTC 









2.1.1. Synthesis of Starting Materials 
As the starting compound, quinuclidine 38 was needed in large quantities.  The Wolff-Kishner 
reduction of 3-quinuclidone hydrochloride afforded quinuclidine in a 63% yield (Scheme 18).31 Difficult 









The solution was to use the Henbest modification of the Wolff-Kishner reduction (Scheme 19).32  
Hydrazone 41 was isolated and purified to remove excess hydrazine.  The reduction of hydrazone 42 was 
then completed in benzene with potassium tert-butoxide as the base. Only trace elimination products were 
observed after 52 hours under reaction conditions with excess base.  Quinuclidine was isolated in minimal 





2.1.2. Testing Functional Group Compatibility  
The oxidation of quinuclidine with hydrogen peroxide afforded quinuclidine N-oxide, 29, in a 98% 
yield (Scheme 20).  N-oxide 29 was hydroscopic and had to be stored with the exclusion of water in the 
glove box.  Following the procedure from Pfaltz, seven aryl aldehydes were used to gauge the functional 
group compatibility of the racemic metalation and electrophile trapping.  The N-oxide was cleaved with 
TiCl3 and the diastereomers were chromatographically separated.   











The reaction conversion were moderate ranging from 35 to 85%.   Methyl protected alcohols and 




all tolerated.  Low solubility of N-oxide 29 in THF resulted in lower conversions. The solution was to 
increase the surface area of N-oxide 29 by physical grinding.  Lower isolated yields were due to difficult 
chromatographic separation and low visibility on TLC (Scheme 20). 
2.1.3. Metalation and Addition Experiments  
Development towards an asymmetric metalation with (–)-sparteine was initiated with a survey of 
non-coordinating solvents.11  A total of 11 solvents were tested: TEA, TBME, CPME, toluene, diethyl ether, 
n-dibutyl ether, cumene, xylenes, mesitylene, cyclohexane, and diisopropyl ether.  Low solubility was 
observed in each solvent at both room and cryogenic temperatures.  To quantitatively assess the amount of 
metalated N-oxide 29 in toluene and diethyl ether, studies were performed in which metalated N-oxide 29 
was trapped with benzophenone (Scheme 21).  The conversion was measured by CSP-HPLC using biphenyl 







Table 1. Quinuclidine N-Oxide Metalation Experiments 
Solvent Time (h) Yield (%) 
THF (control) 1 2.3 
THF (control)  8 6.1 
Toluene 24 9.3 
Toluenea 24 10.4 
Toluene 48 10.8 
Toluenea 48 21.1 
Diethyl ether 1.5 1.1 
Diethyl ether 2 1.3 
Diethyl ether 4 1.7 
Diethyl ether 8.5 4.7 
Diethyl ether 24 4.7 




Metalation studies revealed that a higher metalation yields were observed in toluene at cryogenic 
temperatures.  A better exclusion of moisture was observed with the use of shuttle caps.  The low yields 
observed in the metalation reactions prompted the investigation of alternative lewis acid adducts.   
2.1.4. Differentiation of Lewis Acid-Lewis Base Adduct 
Boron amine adducts were found to be more soluble in non-coordinating solvents, such as diethyl 
ether and toluene.  The complexation of quinuclidine with BF3 diethyl etherate afforded adduct 51 in a 92% 
yield.33    Metalation and trapping of quinuclidine-BF3 adduct 51 was investigated with various lithium 








Minimal lithiation was observed with sec-butyllithium and no lithiation with n-butyllithium, as 
previously observed by Kessar. 34   The lithiation was effected through the use of Schlosser’s base, 
KOtBu/sec-butyllithium, in accordance with Su’s results (Scheme 23).  The observed lithiation resulted in 
a complex mixture of products.13  Due to the underwhelming observation of lithiation of adduct 51, an 









2.1.5. Attempted Lithiation/Borylation Method 
Hoppe and Kocienski demonstrated carbamate-directed enantioselective deprotonations of amines 
(Scheme 24). 35   O’Brien demonstrated that only substoichiometric quantities of (–)-sparteine were 




transformed to the corresponding aryl alcohol through addition of a Grignard or Suzuki-Miyaura coupling 











Aggarwal demonstrated an alternative method in which an aryl boronate ester was trapped on the 
α-lithiated carbamate (Scheme 25).38  A lewis acid, MgBr2, mediated 1,2-migration of the aryl moiety from 
the boron to form C(9)-arylated product.  The boronate ester was then hydrolyzed back to the alcohol. 
Scheme 25.  
First enantioselective lithiation and trapping was investigated using quincorine.  Quincorine was 
protected with N, N-diisopropylcarbamoyl chloride to afford carbamate 53 in 97% yield (Scheme 26).  
Scheme 26. 
 
Lithiation of carbamate 53 and trapping of various electrophiles was unsuccessful (Scheme 27).  No 
boron incorporation was observed by 11B-NMR when a boronate ester was used.  Several electrophiles 
were tested: trimethylchlorosilane, diphenyl disulfide, and finally trimethyltin chloride.  Carbamate 53 
contains the majority of alkyl protons, which all overlap together.  D2O was not tested, since the loss of a 












Various warming cycles were testing using trimethyl chlorosilane (Scheme 28).  The warming 
cycle consisted of warming from −78 °C for a half hour to either −50 °C, −25 °C or 0 °C and was then 
cooled back down to −78 °C, for the electrophile trapping.  No silyl incorporation was observed after any 
warming cycle. 
Scheme 28.  
 
 Trimethyltin chloride resulted in a 5% yield of stannyated 58.  The major product was found to be 
quincorine dimer 59 (Figure 12).  Due to minimal positive results, the investigation into an asymmetric 
metalation and trapping was transformed into a racemic synthetic route with an added resolution. 
 
Figure 12. Quincorine Carbamate Dimer 
2.1.6. Racemic Synthesis and Kinetic Resolution 
The racemic amino alcohols were synthesized from N-oxide 29 as previously discussed (Scheme 
18).  The diastereomers were separated fully by chromatography.  Both the erythro and threo diastereomers 
were investigated in both the oxidative and esterification kinetic resolutions.  Birman’s catalyst, HBTM, 






Figure 13. (S)-HBTM 
The conversion was measured by 1H-NMR and the relative ratio of the ester product 60 and amino 
alcohol 43.  For the erythro diastereomer, the measured ester 60-E product proton was observed at 6.66 
ppm and amino alcohol 43-E was observed at 5.8 ppm (Figure 14).  The reactions were stopped via addition 



















Figure 14. Representative Erthyo Kinetic Resolution Conversion 
The conditions used were optimized by Birman.39  Birman demonstrated that the selectivity factor 
was dependent upon the reaction temperature and varied for each substrate.  Temperatures between 20 and 
−40 °C were investigated to find the highest selectivity factor (Scheme 29).  The enantiomeric ratios were 
determined for both the product and recovered starting material (Table 2).  The component with the highest 
enrichment would then be taken on.  The ester could be hydrolyzed back to the corresponding amino 
alcohol.  The highest selectivity was found to be the ester formed at −25 °C, for the erythro diastereomer.  
The erythro amino alcohol was found to have a low solubility in the reaction solvent.  The ester was fully 









Table 2. Kinetic Resolution Data for the Erythro Diastereomer 
Temperature 
(°C) 








20 1.3 46:54 43:57 33 92 
0 4.2 69:31 75:25 43 77 
−25 6.7 80:20 75:25 48 88 
 
With the threo diastereomer, the ester proton was observed at 6.5 ppm and the starting material was 









Higher selectivity was found at lower temperatures; therefore the esterification of the threo diastereomer 
was investigated at −25 °C and −40 °C (Scheme 30).  The selectivity factor was found to be the same at 
both temperatures (Table 3). The threo amino alcohol was found to be fully soluble in the reaction solvent.  
The ester was insoluble in the reaction solvent.  As the reaction progressed, the reaction mixture 






Table 3. Kinetic Resolution Data for the Threo Diastereomer 
Temperature 
(°C) 








−25 1.2 55:45 51:49 65 55 
−40 1.2 47:53 51:49 48 66 
  
The methylated HBTM has been shown to be more selective in certain cases (Scheme 31).40  The 
catalyst was synthesized as described by Birman.41  Both diastereomers were tested at −40 °C.  The 

















 The oxidative kinetic resolution was investigated.  (–)-Sparteine and sodium carbonate were both 
tested as the excess base (Scheme 33).  In both cases, no reaction was observed.  
Scheme 33. 
 
2.2. Discussion  
2.2.1. Attempts of an Asymmetric Synthesis of Cinchona Analogs 
Initial metalation studies to find a non-coordinating solvent to effect an asymmetric lithiation and 
trapping on N-oxide 29 was unsuccessful.  Alternative quinuclidine adducts were investigated.  Low 
lithiation of these adducts 51 lead to the final attempt to effect an asymmetric lithiation and trapping to 
diversify the R3 position.   The directed lithiation and trapping on quincorine was investigated.  When no 
reaction was observed when trapping with pinnacyl boronate ester, various electrophiles were tested.  The 
main product was observed to still be dimer 59, confirmed by 2D-TOCSY, COSY, HSQC, HMBC, 1H- and 
13C-NMR.  Warming cycles were tested with unsuccessful results.  In order to break up any aggregation, a 
large excess was TMEDA tested and failed.  The hypothesis was that the quincorine carbamate anion was 
aggregating with the lithium causing poor electrophilic trapping.  The only electrophile that showed 
incorporation was trimethyltin chloride.  The yield was only found to be 5%. 
2.2.2. Kinetic Resolutions 
The selectivity factor is a measurement of the conversion and enantiomeric ratio of the ester product 
and recovered enriched alcohol.  For a synthetically reasonable kinetic resolution, a minimum selectivity 
factor of 20 has to be achieved. The higher selectivity factors were observed for the erythro diastereomer.  
Decreased solubility of the erythro diastereomer allowed a more selective esterification.  The highest 
selectivity factor observed only 6.4 for the erythro diastereomer and 1.2 for the threo diastereomer, with 





Figure 16. Possible Transition State for Acylation Resolution 
The use of methyl-HBTM has been shown to have a significant improved selectivity factor for 
amino alcohols.  In the case of the Cinchona alkaloids, no significant increase in selectivity factors were 
observed for either diastereomer. 
An oxidative kinetic resolution was attempted as another resolution route.  Sadly no reaction 
occurred after three days.  The starting material was fully recovered.  Brønsted acid kinetic resolution could 
not be used, since the Brønsted basic amine would hamper the desired kinetic resolution.  Stoichiometric 
derivatization to result in separable diastereomers also proved to be a challenge.  Isocyanates were used to 
form carbamates, which were not able to be further separated.  The last type of resolution would be to use 
preparative CSP-HPLC.  This would have been impractical to form a library of catalyst with a final 
separation of CSP-HPLC.     
To finally understand the role of the R3 position on catalysis, this position has to be systematically 
explored.  In order to synthesize a library of compounds, a streamlined asymmetric route will need to be 




Chapter 3: Development of an Enantioselective Brønsted Acid Catalyzed 
Classical Ugi Reaction 
3.1. Results  
3.1.1. General BPA Catalyst Synthesis 
The diols, (R)-BINOL and (R)-H8-BINOL, were protected with either a methoxy methyl (MOM) 
or methyl group (Figure 16).  The protecting group was dependent upon the R1 substituent that is installed 
through a cross-coupling reaction (Figure 17).  The choice of protecting group was dependent on the 
structure of R1.  If R1 is an arene containing silyl or methoxy groups, then the (R)-BINOL core must be 
MOM-protected.  This group can be selectivity cleaved in the presence of silyl and methoxy groups.   
After protection, various electrophiles were installed at the 3,3’-positions.   
 
Figure 17. Protection and Installation of 3,3’-Functional Groups 
After functionalization of at the 3,3’-position, a cross-coupling was done to install the R1 
substituents (Figure 18). The main cross-couplings that where investigated were: Suzuki-Miyarua (boron), 
Kumada (magnesium) or Stille (tin).  The focal disadvantage for the Kumada coupling is that six equivalents 
of the corresponding bromide is necessary to afford a modest yield of the cross-coupled product.  Stille 
coupling was only used when no success was found in either the Suzuki-Miyarua or Kumada couplings.  In 
most case, the (R)-BINOL core served as the carbon electrophile (E = I, Br), but in certain challenging cases 
the roles of the coupling partners could be reversed. 
 
Figure 18. Cross-Coupling (R)-BINOL Core Derivatives to Functionalize the 3,3’-Positions  
After cross-coupling, the free diol was revealed through removal of the protecting group.  Acid is 
necessary to remove methoxy methyl ethers.  The removal of methoxy ethers occurs with boron tribromide.  





Figure 19. Final Steps in Formation of (R)-BINOL Derived Brønsted Acid Catalysts  
In order to streamline the catalyst synthesis a large stockpile of precursors was synthesized. The 
following intermediates were stopping points to store large quantities of material (Figure 20).   
 
Figure 20. Storable BPA Intermediates 
The only derivatives that were unstable for storage were the MOM-protected 3, 3’-disubstituted boronic 
acids (Figure 21). 
 
Figure 21. Unstable BPA Intermediates  
3.1.2. Synthesis of Bulk BPA for Cheminformatics Library 
The following reactions were optimized on a small scale but were all successfully performed on 
multigram scale.  (R)-BINOL (71) was partially hydrogenated using PtO2, Adams’ catalyst, to diol 572 in 
a 99% isolated yield (Scheme 34).42    The catalyst loading was decreased from 20 mol% to 5 mol%.  The 
pressure of hydrogen was increased from 15 psi to 150 psi.  The hydrogenation was scaled up to a 15-g 
scale.  Typically the reaction was done within 12-24 hours.  This is a vast improvement from the literature 








Moving forward there were two divergent synthetic routes.  The diol 72 was dimethylated using 
sodium hydride and methyl iodide to afford ether 73 in 99% yield (Scheme 35).43  This reaction was scaled 
up to 13.5-g. Ether 73 was dibrominated with Br2 at cryogenic temperatures to afford dibromide 67 in 94% 
yield, with the largest scale on 12.5-g.44   
Scheme 35. 
 
Diborylation of dimethyl ether 68 via ortho-lithiation and trapping with trimethyl borate was not successful 
and resulted in 98% recovered starting material (Scheme 36).   
Scheme 36. 
 
The second route begins by reacting diol 72 with Br2 affording dibromide 74 in 99% yield.45  The 
largest bromination of 72 was on 12.5-g.   Brominated diol 74 was reacted with methoxy methyl chloride 
to afford the MOM protected ether 66 in 96% yield (Scheme 37). For the large scale protections, a stock 
solution of methoxymethyl chloride was made through the chlorination of dimethoxymethane with acetyl 











(R)-BINOL 71 was deprotonated with sodium hydride affording the dianion. The electrophile used to trap 
the dianion was either a 2.1 M methoxy methyl chloride in toluene or neat reagent affording the diether in 
98% yield.47  Diether 75 was triturated with methanol.  The MOM-protection was scaled up to 28.6-g.  
Functionalization at the 3,3’-positions was accomplished by diortho lithiation and trapping with an 
electrophile (Scheme 38).  When 1,2-dibromo-tetrachloroethane (DBTCE) was used as the electrophile,  
dibromide 63 was formed in 65% yield after chromatography.47  For larger scale synthesis of dibromide 63, 
the material could be purified through a silica plug followed by recrystallization in methanol.  Trapping the 
dianion with I2 afforded 62 in a 98% yield after chromatography.47  The iodoination was scaled up to a 9.4-
g scale.  Alternatively, trapping with trimethyl borate afforded diboronic acid 69 after hydrolysis in 76% 
yield.48 
Scheme 38. 
 Dimethylated (R)-BINOL derivatives were also prepared, (Scheme 39).  Diol 71 was deprotonated 
with sodium hydride and trapped with methyl iodide to afford dimethyl ether 76 in 99% yield.49  This 
reaction was performed on a 15-g scale, and the dimethyl ether 76 could be purified by trituration.  
Bromination of the dimethylated 76 provided to be an initial challenge. Lithiation ortho to the ether 
followed by trapping with a soluble electrophilic bromine source, DBTCE, gave a low yield and complex 
mixture of products.  Use of molecular bromine gave an overall cleaner reaction with an isolated yield of 
65% after one chromatographic purification. 50   This yield can be increased through development of a silica 
plug followed by a recrystallization.  Dimethyl ether 76 could alternatively be transformed to diboronic 
acid 65 through a lithiation and trapping with trimethyl borate.  The boronate ester was hydrolyzed to the 






3.1.3. Unsubstituted BPA Catalysts 
Four 3,3’-unsubstituted catalysts were synthesized to probe the Brønsted acid pKa range that could 
catalyze the Ugi reaction(Figure 22).  
 
 
Figure 22. Unsubstituted BPA Catalysts Ordered from Least Acidic (77) to Most Acidic (80) 
 
From diol 72, the corresponding phosphoric acid 77 was synthesized through formation of phosphoryl 
chloride 81 followed by hydrolysis 77 (Scheme 40).  Phosphoryl chloride 81 can be isolated; however a 







Phosphoryl chloride 81 was also assembled using trimethylamine and DMAP as the bases.  From 







Phosphoric acid 78 was previously synthesized according to Jacques and Fouquey.54   (R)-BINOL 71 was 
transformed into phosphoryl chloride 82, followed by displacement with N-triflamide (Scheme 42).53 
Scheme 42. 
 
3.1.4. Cheminformatics Training Set 
The 50 catalysts calculated as part of the training set were divided up into priorities based on 
synthetic accessibility.  Priority one consists of the most synthetically accessible catalysts through cross-
couplings (Figure 23).  The second priority are benzyl derived substituents.  These moieties are added 
through lithium/halogen exchange of dibromide 64/67 followed by trapping with an aldehyde and 
reduction.  The third priority consists of biphenyl type coupling partners, in which the coupling partner 
must be synthesized.  The fourth priority contains all the pryidyl substituents.  The fifth priority are the 






















































































3.1.5. Synthesis of BPA Catalysts  
Extended π-systems were represented through the terphenyl moieties.  These bromides were 
synthesized through benzyne chemistry via 1,3,5-tribromo-2-iodobenzene (84) and various Grignard 
reagents.55  Iodide 84 was synthesized in 75% yield through a Sandmeyer reaction (Scheme 43). 
Scheme 43. 
 
Both mesityl and para-methoxy terphenyl were synthesized by this route.  Low yields were observed for 
both substrates.  The Grignard formation of mesityl bromide took longer, due to the diortho-substitution 
around the bromide.  Methoxy terphenyl bromide was isolated in a 52% yield (Scheme 44).  The bromide 
could be further transformed into the corresponding boronic acid, if necessary, before the cross-coupling 
with the BINOL backbone. 
Scheme 44. 
 
Bromides were converted to the corresponding boronic acids via lithium/halogen exchange and 




A lower yield was observed for diboronic acid 88 due to the high water solubility of the product.  The 
remaining product was isolated after concentration of the aqueous layer. Several Suzuki-Miyarua cross-
couplings were attempted.  The BPA catalyst synthesis going forward has been a highly collaborative effort.  
Thus far the following library members have been successfully synthesized (Figure 24).  Only the 






































Figure 24 (cont.) 
 
Diboronic acid ether 65 was successfully coupled to bromide 91 in 75% yield and bromide 73 in 62%, 











Sterically hindered coupling partners were coupled through a Kumada coupling.  Triisopropyl (TRIP) 
bromobenzene was transformed into the corresponding Grignard in 98% yield by GC-MS, (Scheme 48).57  
The Kumada coupling afford TRIP ether 97 in a 44% yield.  
Scheme 48. 
 
3.1.6. Classical Ugi Control Experiments  
Imine 98 was formed in a 99% yield and was freshly distilled before every experiment, (Scheme 
49).58   
Scheme 49. 
 
The initial control experiments were done at either −78 or 0 °C, depending upon the freezing point of the 




reactions.  The goal was to find the solvent which gave the lowest level of background conversion at the 
highest temperature.  The following solvents were tested: THF, DCM, ethyl acetate, DMF, nitromethane, 




Figure 25. Control Ugi Reactions at 0 °C. 
 
At 0 °C, nitromethane, DCE, chloroform and acetonitrile all resulted in significant background 
reaction and were not pursued further (Figure 25).  DMF, as an amide, was decided to not be pursued further 
























Control Ugi Reactions (0 °C)


















Figure 26. Control Ugi Reactions Performed at –78 °C 
At −78 °C, toluene, tetrahydrofuran, and ethyl acetate all resulted in low to no background reaction 
(Figure 26).  Dichloromethane resulted in a slight background reaction at –78 °C; however when 
dichloromethane was tested at a slightly lower temperature, –88 °C, a slower background reaction was 


































Control Ugi Reaction ( −78 °C) 























































Figure 29. Control Ugi Reactions at Room Temperature. 
The only solvent that gave a low level of background conversion at room temperature was 
tetrahydrofuran, which is likely due to the high pKb.  Too high of a pKb would hinder the proton donation 
to the imine from the BPA, or Brønsted acid catalysis.  The lone pairs of THF could coordinatively saturate 
the phosphoric acid proton through hydrogen-bonding.  Going forward toluene and dichloromethane were 














































Control Ugi Reaction (0 °C) 




3.1.7. Optimization of Classical Ugi Reaction  
All experiments had a side by side control reaction and were done in duplicate.  The four 3,3’-
unsubstituted catalysts, 77-80, were surveyed first (Scheme 51).  
Scheme 51. 
 
Both the H8-BINOL and BINOL phosphoric acids were less soluble than the corresponding N-
sulfonamides in toluene at both room and cryogenic temperatures (Figure 30).  A low yield was observed 
for the phosphoric acids, in toluene, due to low solubility.  Both phosphoramide 79 and 80 demonstrated 
Brønsted acid catalysis of the Ugi reaction in toluene at cryogenic temperatures.  





















Ugi Reaction in Tol (−78°C)




On the other hand, all components were fully soluble in DCM at any temperature, (Scheme 52), 
especially phosphoric acids 77 and 78.  In DCM it is clear that phosphoric acids, poorly, catalyze the Ugi 
reaction as well as phosphoramides (Figure 31).  Overall the background reactivity is also greater. 
Scheme 52. 
 
Figure 31. Brønsted Acid Catalyzed Ugi Reaction in DCM at −78 °C 
 
Phosphoramides catalyze the Ugi reaction faster than the corresponding phosphoric acids, as depicted in 
























Ugi Reaction in DCM (−78 °C)




the increased activity as well as the solubility in toluene.  Further optimization was done to try to find a 






Figure 32. Brønsted Acid Catalyzed Ugi Reaction in Toluene at −30 °C 
 
The brønsted acid catalyzed Ugi reaction was similarly attempted in benzotrifluoride, (Scheme 54 and 























Ugi Reaction in Tol (−30 °C)






Figure 33. Brønsted Acid Catalyzed Ugi Reaction in Benzotrifluoride at −30 °C 
In both toluene and benzotrifluoride at −30 °C, the background reactions after only one hour was too high.   
3.1.8. Classical Ugi Evaluation of BPA Training Set 
With the Ugi reaction conditions in hand, various (R)-BINOL derived phosphoramides, from the 

























Ugi Reaction in Benzotrifluoride (−30 °C)




Four 3,3’-unsubstituted catalysts 77-80 were initially tested, as discussed above (Figure 30).  The 3,3’-
unsubstituted (R)-BINOL catalyst 80 demonstrated enantioinduction, whereas the H8-(R)-BINOL catalyst 
79 afforded racemic product within experimental error.  A total of 12 catalysts were tested against the Ugi 
reaction with the enantiomeric ratios determined by CSP-SFC and the conversion by 1H-NMR (Table 4, 
Figure 34).    
Table 4. BPA Training Set Evaluation Data 
Run Cat % eea Conversion (%)b 
A 65 −10.00 37 
B 64 − 4.00 42 
C 242_iv 2.04 75 
D 207_v 7.42 58 
E 205_ix −3.40 60 
F 245_ix 0.74 59 
G 115_iv −3.30 31 
H 100_v −3.98 39 
I 229_ix 1.82 20 
J 229_iv −2.44 26 
K 63 −10.00 7 
L 62 − 4.00 7 
a Determined by CSP-SFC on AD; b Determined by 1H-NMR after 72 h with hexamethyldisilane as 













Figure 34 (cont.) 
3.2. Discussion  
3.2.1. BPA Library 
A training set, corresponding to a representative sample of all chemical space, was selected through 
the application of a Kennard-Stone algorithm after the calculation of both the steric and electronic 
descriptors for all possible catalysts. In order to rigidify and minimize possible conformations of all 
catalysts as well as to decrease the calculation time, the R4 position was selected to be the N-triflamide 
derivative.  In total there are four points of diversification of within the BINOL phosphoric acid catalysts 










Figure 35. BINOL Catalyst Points of Structural Diversity 
Three of the four diversification points (R2-4) modulate the pKa of the catalyst. Hydrogenation at 
the R2 position decreases the acidity at R4.  An acid at R4 instead of an N-triflamide decreases the acidity.  
Finally the acidity increases when either R3 or R4 bares a sulfur in place of an oxygen.  This is due to an 
increased stability of the resultant conjugate base.  The R1 position, on the other hand, had the greatest 
impact on the steric/electronic nature of the catalyst active site.  A total of 50 BPA catalysts were chosen 
for the training set (Figures 24).  These catalysts were divided up into various priorities dependent upon the 
synthetic accessibility of the coupling partners as well as the ease of cross-coupling.    
Electron-deficient carbon nucleophile coupling partners are expected to undergo slow 
transmetalation.  For this reason the (R)-BINOL diboronic acids were used to couple with electron deficient 
bromides. Synthesis of diboronic acid 68 was attempt through a lithium/halogen exchange on dibromide 67 
and trapping with trimethyl borate.  This lead to a complex mixture that did not have the diboronic acid as 
a component.  An alternative approach was considered involving ortho metalation of 73 followed by 
trapping with B2Pin2.59  Again, a complex mixture resulted.  Diboronic acid 68 was successfully synthesized 
through cryogenic deprotonation of diether 73 to produce the dianion.  The dianion was added to a solution 
of the boron electrophile. By switching the order of addition, the diboronic acid could be isolated in high 
purity, albeit in low yield.  The low yield was likely due to incomplete addition of the electrophile 
(monoaddition) and incomplete hydrolysis.   
As suspected, various arenes have been problematic as coupling partners in the Suzuki-Miyaura 
reaction. Electron-deficient boronic acids are prone to protodeboronation.  The attempt of cross-coupling, 
via Suzuki-Miyaura method, chlorinated bromides with diboronic acid (R)-BINOL 65 resulted in 
protodebromination.  The coupling of chlorinated bromoarenes is a continuing challenge and will likely 
require special ligands, such as dppf, in order to effect the cross-couplings.60  An alternative would be to 
find optimal conditions using Pd(PPh3)4, through surveying various bases and solvents.61  For diortho-
substituted boronic acids, diiodide 62 was necessary to effect the sterically hindered cross-coupling.     
Several methods have been developed that eliminate the need for protection of the diol.  Both 
methods are Suzuki-Miyaura cross-couplings with the corresponding dibromide diol 74 or 99.  The coupling 
of diol 99 required a racemic 3-tert-butyl-4-(2,6-dimethoxyphenyl)-2,3-




but is outrageously expensive; this ligand required a six step synthesis including a Suzuki-Miyaura 
coupling, and therefore, in the interest of time, was not followed.63   






The coupling of dibromide diol 99 could be effected with the use of cataCXiumA 100 as the ligand, 
(Scheme 57).53  This method is currently being investigated to install 9-anthryl in the 3,3’-positions. 
Scheme 57. 
 
3.2.2. Classical Ugi Reaction Control Experiments  
To decrease the complexity of product analysis a three-component four centered Ugi reaction, 
rather than a four-component reaction, was initially studied.  The simplification avoids formation of 
products resulting from the Passerini reaction (Figure 36).  All control experiments were ended after 24 





Figure 36. Ugi versus Passerini Products 
The classical Ugi reaction was performed in methanol at room temperature at the same concentration and 
scale as the control reactions.  The reaction conversion was measured by 1H-NMR through comparison of 
the tert-butyl signal (1.45 ppm) of tert-butyl isocyanide and the isopropyl signal (1.02 ppm) of diamide 35 





Figure 37. Representative 1H-NMR of a Brønsted Acid Catalyzed Ugi Reaction 
The trend of conversion was either linear or logarithmic.  At low conversions the trend is linear.  
Once higher conversions are reached a leveling of the conversion occurs, which is likely due to product 
inhibition.  Overall the general trend is logarithmic.  The more product that is formed, the more basic the 
overall reaction mixture becomes, which could then deprotonate the catalyst in an unproductive manner.  
For the proposed mechanism, all steps are reversible except for the irreversible rearrangement as the last 
step.  A proton is necessary to increase the electrophilicity of the corresponding α-carbon of the heteroatom 
as mainly an iminium ion.    
3.2.3. Optimization and Dependence upon pKa of the Classical Ugi Reaction 
Toluene gave the lowest background, out of all the tested solvents, at −78 °C.  Benzotrifluoride 
was also tested, due to a higher dielectric constant (ε = 9.18), in comparison to toluene (ε = 2.38).64  The 
higher the dielectric constant, the better able the solvent is to stabilize charges.  These solvents are better 




iminium ion intermediate.  Theoretically, the close association of the phosphoramide anion with the 














Figure 38. Stereochemical Model of Enantio-Determining Step. 
The optimized conditions for further surveying of BPA catalyst will be done in toluene at −78 °C, with 
hexamethyl disilane as the internal standard.  The conversion will be measured after three days by 1H-
NMR and the selectivity by CSP-HPLC.  
3.2.4. Classical Ugi Reaction Evaluation of BPA Training Set  
A total of 12 training set catalysts were tested.  The yields ranged from 7 to 75% and –10 to 7.4 
%ee.  All reactions were stopped after 72 hours, since the reactions had stalled due to product inhibition.  
A narrow range of e.r. data was obtained; therefore a model could not be generated due to overfitting of 
the data.  Only a few trends could be determined from the brønsted acid catalyzed Ugi reaction.  Higher 
yields were obtained from the use of phosophoramide over phosphoric acid catalysts.  The 
phosphoramide catalysts were soluble in toluene, whereas the phosphoric acid catalysts were not soluble 
in toluene, even at room temperature let alone cryogenic temperatures.  Smaller groups on the 3,3’-
substitution of the BINOL core lead to higher yields of the amide.  Benzyl substituents lead to higher 
yields as well.  Bulky aryl moieties lead to lower yields.  The measured e.r. values were not significantly 




3.3. Conclusions  
A classical brønsted acid catalyzed Ugi reaction was optimized.  The imine was isolated and used 
directly in the Ugi reactions to eliminate any possibility of Passerini side products.  The lowest 
background reaction was found to be in toluene at cryogenic temperatures.  The optimal reaction 
conditions were in toluene at 0.1 M and – 78 °C for three days.   Phosphoramide catalysts were 
determined to produce higher yields than the corresponding phosphoric acid catalysts, due to an increased 
solubility.  Dichloromethane was used to demonstrate that there is not a dependence on pKa for the 
brønsted acid catalyst.  Both phosphoric acid and phosphoramide catalysts are fully soluble in 
dichloromethane at cryogenic temperatures.  Both catalyst types demonstrated catalysis of the Ugi 
reaction, above the inherent background. 
 Twelve members of the BPA training set were screened against the classical Ugi reaction.  A 
narrow range of e.r. values was observed after 72 hours of the resultant amide, with a high of 10% ee and 
75% yield.  A subsequent catalyst could not be determined, since the data would create a model that 
suffered from overfitting of the data.  The low enantioselectivity was determined to be a result of the 






Chapter 4: Development of an Enantioselective Brønsted Acid Catalyzed 
Tethered Ugi Reaction 
4.1. Results  
4.1.1. Tethered Ugi Solvent and Concentration Survey 
Imine 101 was formed in a 99% yield and was stored in a desiccator under an inert atmosphere, 
(Scheme 58).58  Imine 101 was found to be hydroscopic and isolated as an E/Z isomeric mixture.  The 





An authentic lactam 37 sample was formed in methanol with imine formation in situ (Scheme 59).55  
After two day at room temperature, full consumption of levulinic acid was observed.  Lactam 37 was 





The initial experiments were done at room temperature and a concentration of either 0.1 or 0.5 M 
(Scheme 60).  All solvents chosen have been shown to allow Brønsted acid catalysis of Ugi reactions.  The 
goal was to establish which solvent and concentration combination resulted in the lowest level of 
background conversion.  The following solvents were tested: DCE, DCM, chloroform, toluene and 
benzotrifluoride.  All experiments had a side by side control reaction.  The 3,3’-diphenyl substituted BINOL 
phosphoramide was used over the 3,3’-dihydrogen substituted BINOL derived phosphoramide catalyst, 
since a majority of the training set contained aryl moieties.  Overall the dihydrogen catalyst was 









The first solvent to be tested was 1,2-dichloroethane.  All halogenated solvents were filtered 
through basic alumina prior to use, to eliminate any trace acid.  A significant background was observed in 
1,2-dichloroethane.  A higher yield was observed at the higher concentration; however the background 








Figure 39. Brønsted Acid Catalyzed Tethered Ugi Reaction in 1,2-Dichloroethane at 24 °C 
Dichloromethane was tested next. Catalysis was observed at both molarities.  Full conversion was 
observed at 24h at 0.5 M (Scheme 62, Figure 40)  The comparative background reaction was found to be 



































Figure 40. Brønsted Acid Catalyzed Tethered Ugi Reaction in Dichloromethane at 24 °C 
 
The brønsted acid catalyst was fully soluble in chloroform at lower concentrations.  Imine 101 


































Figure 41. Brønsted Acid Catalyzed Tethered Ugi Reaction in Chloroform at 24 °C 
 
Imine 101 was found to not be soluble at either concentration in toluene.  An extremely low 


































Figure 42. Brønsted Acid Catalyzed Tethered Ugi Reaction in Toluene at 24 °C 
Imine 101 was found to not be soluble in benzotrifluoride at both concentrations.  The conversion 
at 0.1 M, was slightly higher than that of toluene.  The enantioselectivity was found to be the highest in 
benzotrifluoride at 0.1 M (Scheme 65, Figure 43). 

































Figure 43. Brønsted Acid Catalyzed Tethered Ugi Reaction in Benzotrifluoride at 24 °C 
The lowest background reaction was found to be in toluene; whereas the highest 
enantioselectivity was observed in benzotrifluoride.  The finally solvent was a mixture of both toluene 
and benzotrifluoride (Scheme 66, Figure 44).  Since the highest conversion was observed at 0.5 M, this 
was the only concentration tested.  The conversion was comparable to that of observed in toluene.  The 



































Figure 44. Brønsted Acid Tethered Ugi Reaction in 4:1 Tol/Benzotrifluoride at 24 °C 
4.1.2. Tethered Ugi Evaluation of BPA Training Set 
With the solvent and concentration conditions in hand, various (R)-BINOL derived 




  A total of 20 catalysts were tested against the tethered Ugi reaction with the enantiomeric ratios 
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Table 5. BPA Training Set Evaluation Data 
Run Cat % ee Conversion (%)d 
Ae Ph_iv 8.57 29 
Bb 5_x - 4 
Ce 210_ix -0.26 32 
D 100_v 4.82 28 
Ee 245_x 6.10 25 
Fe 223_iv 6.25 25 
Ge 202_ix -1.45 23 
He 229_x -8.66 14 
I 229_iv -1.28 14 
J 76_ix 4.74 13 
K 328_x - 4 
Le 181_v - 6 
Me 115_iv 4.79 25 
Ne 205_ix 0.16 42 
Oe 182_iv -2.09 27 
Pe 365_ix 4.13 13 
Qe 242_v 1.86 27 
Re H_iv 4.07 24 
Se TRIP_iv 5.12 20 
Te PMP_iv 3.93 24 
a Determined by CSP-NP-HPLC on Astec Cellulose DMP; b Too dilute of a sample for an er ratio; c 
Determined by 1H-NMR after 17 h with hexamethyldisilane as the internal standard; d Determined 














4.2. Discussion  
4.2.1. Tethered Ugi Solvent and Concentration Survey 
To address the challenge endured in the classical Ugi of a reversible stereodetermining step, a 
tethered ketone and carboxylic acid was studied.  Isocyanide capture of the protonated imine is the 
stereodetermining step.  The protonation of the imine occurs from the BINOL derived phosphoramide 
catalyst.  The close association of the catalyst forms an enzyme like pocket allowing for facial selectivity 
for addition to the imine.  The protonation plays a second role to increase the electrophilicity and 
reactivity at the imine carbon.  After nitrile formation, the carboxylic acid then adds to the nitrile.  The 
increased rate of nitrile capture would decrease the probability of a reversible nitrile formation.  Through 
tethering the carbonyl and carboxylic acid, the nitrile addition would change from an inter- to 
intramolecular reaction.  The intra- unimolecular reaction would significantly increase the rate of nitrile 
addition. 
Previously Krelaus and Westermann demonstrated that levulinic acid paired with several amines and 
isocyanides would form lactams via an Ugi reaction in methanol (Scheme 68).65  The reaction was 
complete within two days at room temperature.  Kerlaus and Westermann demonstrated that tert-butyl 
isocyanide and benzyl amines were competent partners for the Ugi reaction. 
Scheme 68. 
 
Enantioenriched amines and isocyanides were studied.  The resultant lactams were observed to have no 
diastereoselectivity.  When both an enantioenriched amine and isocyanide were used, the 
diastereoselectivity of the lactam was a 1:1 ratio. 
The first concern in the development of the brønsted acid catalyzed tethered Ugi reaction was to 
minimize the Ugi reaction catalyzed by the pendant carboxylic acid.  Several aprotic solvents were chosen 
for the solvent survey: 1,2-dichloroethane, dichloromethane, chloroform, toluene and benzotrifluoride.  





Figure 46. General Example of Tethered Ugi Conversion Deteremination 
  All reactions were stopped after 24 h, to minimize the wait time to obtain the data.  Enough product 
was produced after 24 h to analyze the enantiomeric ratio.  Overall a concentration of 0.5 M was chosen 
due to the faster reaction rate within a day.  At 0.5 M, significant background was observed in 1, 2-
dichloroethane, dichloromethane and chloroform.  Imine 101 was not fully soluble at the higher 
concentration.  As demonstrated with the classical Ugi reaction, dichloromethane gave the highest 
background and highest conversion.  Both toluene and benzotrifluoride demonstrated a suppressed 
background reaction.  A solvent mixture of toluene and benzotrifluoride was found to be the best solvent 
system with a minimal increase in the e.r. of lactam 37.  
In general, catalysis was observed in every solvent at room temperature over the background 
reaction.  All conversion trends were linear except for the catalyzed reaction at 0.5 M in both 
benzotrifluoride and 1,2-dichloroethane.  The curvature of the 1,2-dichloroethane was more pronounced 




the solubility of imine 101 decreased, the more the background reaction was suppressed.  This caused the 
reactions to become heterogeneous and therefore the stir rate has an effect on the yield and reaction 
progression.  The stir rate was held constant through all the studies.  
4.2.2. Tethered Ugi Evaluation of BPA Training Set 
A total of 20 training set catalysts were tested.  The yields ranged from 4 to 42% and –8.7 to 8.6 
%ee.  All reactions were stopped after 24 hours, to determine the enantioselectivity.  The obtained e.r. 
data was only within a narrow range around 50:50.  A model could not be generated due to overfitting of 
the data.  The highest enantioselectivities were produced with bulky 3,3’-substituents such as 3,5-di-tert-
butyl phenyl and silyl containing substituents.  If the bulk gets too large, as shown with the terphenyl 
substituent, the enantioselectivity decreases.  Overall the yields were modest and the highest 
enantioselectivity was only 10 %ee. 
4.3. Conclusions 
A tethered brønsted acid Ugi reaction was optimized at room temperature.  The isolated imine 
was used to remove any possibility of Passerini side products.  The imine in turn simplified the analysis 
of the reaction mixture. A solvent mixture of 4:1 toluene/benzotrifluoride with a concentration of 0.5 M 
was found to produce the lowest background reaction.  Twenty members of the BPA training set were 
screened against the tethered Ugi reaction.  A narrow range of e.r. values were observed after 24 hours of 
the resultant lactam, with a high of 10% ee.  The reversibility of the stereodetermining step continues to 
be a challenge. 
 4.4. Future Directions 
The continued issue is the reversibility of the stereodetermining step of the Ugi reaction.  There are 
three potential avenues to pursue to reduce the reversibility of nitrile formation.  The first would be to place 
the carboxylic acid even closer to the carbonyl through shortening the tether length.  One potential starting 
material would be 2-acetoacetic.  A possible complication would be that this moiety could mainly reside in 
the enol form.  A second complication would be the formation of a five-membered ring intermediate that 
would transition to a higher strained four-membered ring, after the Mumm rearrangement. 
A second avenue is to increase the activation of the imine for nucleophilic addition.  An alpha 
electron-withdrawing group would indeed increase the reactivity of the imine.  The nitrile would then be 
stabilized.  This stabilization could lead to a lower reactivity of the nitrile with the carboxylic acid.  Overall 
this method could slow the rate of nitrile capture.  
 The most promising method would be to a carboxylate, through deprotonation the corresponding 




acid would be eliminated.  A major challenge would to have a brønsted acid catalyst with a carboxylate, 
leading to an incompatibility.  This method would be possible through the addition of a buffer.  The buffer 
would lead to another variable that would need to be optimized in the Ugi reaction. 
 Another reaction to investigate would be the Passerini reaction.  The Ugi reaction is merely the 
Passerini reaction with the addition of an amine (Scheme 69).  Initially solvent and temperature will be 
surveyed.  If the initial optimization does not work, then a design of experiment, DoE, will be done with a 
larger pool of solvents, temperatures, carboxylic acids, aldehydes and the use of molecular sieves, to drive 
the imine formation forward. 
Scheme 69. 
 
The overall goal of the cheminformatics program is to apply the 50 member training set catalysts 
to a range of reactions that have the propensity to be catalyzed by Brønsted acids.  From the initial e.r. data 
that is collected, there are two distinct possibilities moving forward.  The first case would be that the 
enantioselectivity data collected from the reaction generates a diverse data set with a range of e.r. values.  
A more selective catalyst can be predicted through QSAR modeling.   
The second case would be if a majority of the catalysts lead to a narrow data set that were clustered 
around an e.r. value.  In this case the computer modeling would not be able to predict a more selective 
catalyst.  The modeling, with this data set, suffers from overfitting.  In this situation, further Brønsted acid 
catalyzed reactions would be surveyed with this training set.  The process of surveying reactions would 
continue until a range of e.r. values was found.  That data range would be would then be used to predict a 
better catalyst for the reaction, which would be synthesized.  The process would be repeated in an iterative 
fashion until a highly selective catalyst was found.  This process will overall revolutionize the way that 





Chapter 5: Experimental & Supporting Information 
5.1. General Experimental   
5.1.1. General Information 
Reactions were conducted under a dry argon or nitrogen atmosphere using a drying tube 
equipped with calcium sulfate, potassium hydroxide, and phosphorous pentoxide, unless 
otherwise noted.  All reaction glassware was flame-dried under vacuum or oven-dried for at least 
2 hr.  Solvents used for extraction were reagent grade, and chromatography solvents were 
technical grade.  Column chromatography was performed using Ultrapure Silica gel from 
Silicycle (40-69μm) with a column mixed as a slurry with the least polar eluent, packed and 
rinsed at 6psi and run at 3-4psi.  Reaction solvents tetrahydrofuran (Fischer, HPLC grade), 
diethylether (Fischer, BHT stabilized ACS grade) and methylene chloride (Fischer, unstabilized 
HPLC grade) were dried by percolation through two columns packed with neutral alumina under 
positive pressure of argon.  Reaction solvents hexane (Fischer, OPTIMA grade) and toluene 
(Fischer, ACS grade) were dried by percolation through a column packed with neutral alumina 
and a column packed with Q5 reactant, a supported copper catalyst for scavenging oxygen, under 
a positive pressure of argon. 
5.1.2. Instrumentation 
1H, 13C, 19F and 11B NMR spectra were recorded on a Varian 400 or 500 MHz (126 MHz, 
13C) or a Bruker 500 MHz (126 MHz, 13C) spectrometers.  Spectra are referenced to residual 
chloroform (d = 7.26 ppm, 1H; 77.0 ppm, 13C).  Chemical shifts are reported in ppm, multiplicities 
are indicated by s (singlet), d (doublet), t (triplet), q (quartet), p (pentet), h (hextet), m (multiplet) 
and br (broad).  Coupling constants, J, are reported in Hertz, and integration is provided.   
 Retention factors, Rf, are reported for analytical thin layer chromatography performed on 
Merk silica gel plates treated with F-254 indicator.  Visualizations were accomplished by I2, UV 
light, aqueous KMnO4, Cerric ammonium molybdate (CAM) solution, iodine powder, or a 5% 
methanolic solution in H2SO4. Column chromatography was conducted using 230-400 mesh silica 
gel purchased from EM Science using the eluent and pressure given. Distillations were performed 




either AD-H, OJ-H, Astec, or IB-3 chiral stationary phase columns. Chiral SFC performed using 
an Agilent Aurora SFC system, with Chiracel-OD and OJ chiral column stationary phase. 
5.1.3. Commercial Chemicals 
 The following materials were obtained from commercial suppliers as specified and purified 
according to the indicated procedure.  No purification indicates the compound was used as 
received.  
Table 6. Commercial Chemicals 
Reagent Supplier Purification 
Acetic anhydride Fischer  
Acetonitrile   
Benzene Aldrich  
Benzyl Bromide Aldrich  
3,5-bis(trifluoromethyl)benzyl bromide Aldrich  
Borane.THF complex Aldrich  
Bromobenzene Fischer  
Celite Fischer  
Cinchonidine Acros  
Dichloromethane Aldrich  
Diethylether Fischer  
Dimethylsulfoxide Fischer  
Dioxane Aldrich  
Ethanol AAPER  
Biphenyl disulfide Aldrich  
Ethylene glycol   
Lithium Aluminum Hydride Aldrich  
Magnesium Aldrich  
Magnesium Sulfate Fischer  
Methanol   




Table 6. (cont.) 
Potassium Carbonate Aldrich  
Pyridine Fischer Distilled  
Sodium Bicarbonate Fischer  
Sodium Borohydride Acros  
Sodium Chloride Fischer  
Sodium Hydride Aldrich  
Sodium Sulfate Fischer  
Tetrahydrofuran Fischer  
p-Toluenesulfonic acid monohydrate Aldrich  
Triethylamine Aldrich  
Quincorine Buchler GMBH  
 
5.2. Literature Preparations for Cinchona Alkaloid Project  
  (–)-Sparteine was purified as described by Chang.66 Me-HBTM catalyst was prepared as described by 
Birman.41 Pd(−)spCl2 complex was prepared as described by Stoltz.67 
5.3. Lithiation/Metalation of Quinuclidine Adducts  
5.3.1. Preparation of Quinuclidine 
Preparation of Quinuclidine [RML-DN9901] 
  
 
Quinuclidine, 38, was prepared by modifying a procedure by Forsyth and Prapansiri.31  To a flame-dried 
25-mL round bottom flask, charged with argon and equipped with a reflux condenser, magnetic stir bar and 
argon inlet adapter, was added 3-quinuclidone hydrochloride 41 (1.02 g, 6.0 mmol, 1 equiv).  This was 
dissolved in triethylene glycol (7 mL).  To this was added potassium hydroxide (848.6 mg, 14.4 mmol, 2.4 
equiv), hydrazine hydrate (1.23 mL, 25.2 mmol, 4.2 equiv).  The reaction was heated to 160 ˚C for two 
hours.  The quinuclidine was isolated and purified by high vacuum hot fractional distillation.  The 




Data for 38: 
Mol. Formula: C7H13N 
M.W.  111.10 
1H NMR: (400 MHz, Chloroform-d) 
δ 2.87 – 2.83 (m, 6H), 1.73 (sep, J = 3.2 Hz, 1H), 1.55 – 1.50 (m, 6 H). 
Preparation of 3-Quinuclidone hydrazone [RML-DN9954] 
 
 
3-Quinuclidone hydrazone, 42, was prepared by modifying a procedure by Horvath, Petz and Kollar.68  To 
an oven-dried 50-mL round bottom flask, charged with argon and equipped with a reflux condenser, 
magnetic stir bar and argon inlet adapter, was added 3-quinuclidone hydrochloride 41 (1.018 g, 6.19 mmol, 
1 equiv).  This was dissolved in 6 mL dry ethanol.  To this was added hydrazine hydrate (2.25 mL, 24.75 
mmol, 4 equiv).  Glacial acetic acid (0.36 mL, 6.19 mmol, 1 equiv) was added slowly to the vigorously 
stirred reaction mixture and a white vapor was formed.  Finally 7 mL of dry ethanol was added to the 
reaction mixture.  The reaction was heated to 78 ˚C for four hours.  The hydrazone 42 was isolated as a 
faint pink/white solid (1.52 g, quant.) through a simple distillation to remove excess hydrazine, water and 
ethanol. 
Data for 42: 
Mol. Formula:  C9H17N3O2 
M.W.  199.13  
1H NMR: (500 MHz, Chloroform-d) 
δ 5.77 – 5.53 (br s, 1H, HN(1)), 4.76 (s, 1H, HN2(9)), 3.43 (s, 2H, HC(2)), 2.95 – 2.89 (m, 
2H, HC(6)), 2.83 – 2.77 (m, 2H, HC(8)), 2.48 (sep, J = 3.5 Hz, 1H, HC(4)), 2.38 (s, 3H, 
HC(10)), 1.77 – 1.80 (m, 4H, HC(7,5)). 




3316.36 (m), 3243.65 (w), 3197.44 (w), 3146.03 (m), 2939.44 (s), 2863.26 (s), 1649.84 
(m). 
Preparation of Quinuclidine [RML-DN9955] 
 
 
Quinuclidine, 38, was prepared by modifying a procedure by Henbest, Grundon, and Scott.32  To a 50-mL 
round bottom flask, charged with argon and equipped with a reflux condenser, magnetic stir bar and argon 
and containing hydrazone 42 (0.86 g, 4.32 mmol, 1 equiv) was dissolved in 15-mL of dry benzene.  To this 
was added potassium tert-butoxide (1.08 g, 17.30 mmol, 4 equiv) from the glove box and 20-mL of dry 
benzene.  The reaction was heated to 80 ˚C for 48 hours.  After 48 hours, 4-mL of dry DCM was added to 
the mixture at room temperature to remove the excess potassium tert-butoxide.  The resulting suspension 
was filtered through a pad of Celite and washed with 10-mL of dry DCM (3 x) and 10-mL of dry benzene.  
The filtrate was concentrated by rotary evaporation (150 mbar, 100 ˚C).  The crude mixture was purified 
by sublimation under high vacuum into a vacuum trap cooled by liquid N2.  The solution removed from the 
warmed trap was concentrated once more by rotary evaporation (150 mbar, 100 ˚C) to yield a clear and 
colorless solution of quinuclidine isolated in benzene (251.50 mg, 52.3 %). 
Data for 38: 
Mol. Formula: C7H13N 
M.W.  111.10 
1H NMR: (500 MHz, Chloroform-d) 
δ 2.88 – 2.85 (m, 6H), 1.74 (sep, J = 3.2 Hz, 1H), 1.55 – 1.52 (m, 6 H). 
5.3.2. Preparation of Quinuclidine N-oxide 
Preparation of Quinuclidine N-oxide [RML-DN9908] 
 
 
Quinuclidine N-oxide, 29, was prepared by modifying a procedure by Exner and Pfaltz.5  To a flame-dried 




temperature probe, was added 38 (525.3 mg, 4.36 mmol, 1 equiv).  This was dissolved in anhydrous 
methanol (1 mL).  The reaction mixture was cooled to 0 ˚C (internal temperature) using an ice-bath.  
Hydrogen peroxide (30%, 0.47 mL, 15.27 mmol, 3.5 equiv) was added dropwise over 50 min.  After which 
the solution was warmed to room temperature and stirred for two days.  The resulting solution was quenched 
by slow addition of platinum on carbon (5%, 8.9 mg).  The reaction color turned clear yellow to green, 
fizzed and appeared black.  Potassium iodide/starch strips confirmed all excess peroxides were quenched.  
The mixture was filtered through a pad of Celite, concentrated via rotary evaporation and dried under 
reduced pressure for three days to a white-yellow solid (513.8 mg, 93 %). 
Data for 29: 
Mol. Formula:  C7H13NO 
M.W.  127.19  
1H NMR: (500 MHz, Chloroform-d) 
δ 3.40 (t, 6H, 3J = 8.0 Hz), 2.07 – 2.05 (m, 1H), 2.03 –2.00 (m, 6 H). 
IR:   ATR-FTIR 
2937.05 (m), 1464.24 (m), 999.95 (m), 936.11 (m).  
5.3.3. General Procedure 1: Racemic Organolithium Addition into Quinuclidine N-oxide 
The products, 43 – 49, were prepared by modifying a procedure by Exner and Pfaltz.5,10  To an oven-dried 
10-mL Schlenk flask, charged with argon and equipped with a magnetic stir bar, septum and internal 
temperature probe, was added N-oxide 29 (100 mg, 0.79 mmol, 1 equiv) in a glove box.  The reaction vessel 
was removed from the box and 5-mL anhydrous THF was added to dissolve 29.  TMEDA (0.14 mL, 0.86 
mmol, 1.1 equiv) was added and the mixture was allowed to stir at room temperature for 30 min.  The 
reaction mixture was cooled to –78 ˚C (internal temperature) and n-BuLi (0.34 mL, 0.79 mmol, 1 equiv, 
2.34 M in hexanes) was added dropwise with the internal temperature not exceeding –70 ̊ C.  A color change 
was observed after the addition of n-BuLi to yellow.  The mixture was stirred at –78 ˚C for an hour.  After 
which, the aldehyde (0.86 mmol, 1.1 equiv) dissolved in 0.8-mL anhydrous THF was added dropwise to 
the reaction mixture.  This was stirred for two hours at –78 ˚C, and after which this was warmed slowly 
over 12 hours to room temperature.  Sat. NH4Cl solution (0.66 mL) was added to quench excess n-BuLi 
and allowed to stir at room temperature for 30 min.  The biphasic mixture was cooled to 0 ˚C (internal 




dropwise to the biphasic mixture.  After addition of TiCl3 the mixture was a deep purple.  This was warmed 
to room temperature and 8.5-mL of NaOH (aq, 3.25 M) was added slowly resulting in a deep blue solid and 
a pH of 10.  The mixture was filtered over a pad of Celite and the filter cake was washed with ethyl acetate 
(3 x 10 mL).  The organic layer was dried with brine (3 x 20 mL) and then K2CO3.  The organic layer was 
concentrated via reduced pressure to a yellow oil.  The crude reaction mixture was used to determine the 
diastereomeric ratio between erythro and threo was 1:1.  Finally the crude mixture was purified by silica 
chromatography (2 cm x 8 cm, 10 mL each).  Analytical CSP-HPLC methods were then developed with 
each enantiomer.  The 1H-NMR spectroscopic data was assigned by analogy from Pfaltz. 




Following General Procedure 1 (1-naphthaldehyde, 0.11 mL) gave a crude mixture which was purified with 
9:1 EA/TEA eluent.  White solids were obtained 41 mg 43-E (20 %) and 65 mg 43-T (31 %). 
Data for 43-E: 
Mol. Formula:  C18H21NO 
M.W.  267.37  
1H NMR: (500 MHz, Chloroform-d) 
δ 8.03 (d, 3J = 8.0 Hz, 1H), 7.89–7.83 (m, 1H), 7.82 – 7.72 (m, 2H), 7.49 – 7.37 (m, 3H), 
6.07 (s, 1H), 3.92 (s, 1H), 3.32 – 3.15 (m, 2H), 3.03 (t, J = 11.5 Hz, 1H), 2.77 (ddd, J = 
13.6, 9.9, 6.8 Hz, 1H), 2.61 – 2.50 (m, 1H), 1.85 (qd, J = 6.9, 3.0 Hz, 1H), 1.79 – 1.68 (m, 
1H), 1.54 – 1.37 (m, 4H). 
HPLC:   tR = 7.28 min, tR = 10.1 min 
(CHIRALPAK® IB-3, 97:3:1 hexane/isopropanol/diethylamine, 1.0 mL/min, 254 nm, 23 
˚C) 
TLC:  Rf 0.05 (9:1 EA/TEA) [UV] 




Mol. Formula:  C18H21NO 
M.W.  267.37 
1H NMR: (500 MHz, Chloroform-d) 
δ 8.44 (d, J = 8.4 Hz, 1H), 7.87 (d, J = 8.5 Hz, 1H), 7.80 (d, J = 8.2 Hz, 1H), 7.60 (dd, J = 
7.1, 1.3 Hz, 1H), 7.55 – 7.43 (m, 3H), 5.90 (br s, 1H, OH), 5.19 (d, J = 10.0 Hz, 1H), 3.34 
– 3.23 (m, 2H), 3.05 (td, J = 7.8, 6.7, 1.9 Hz, 2H), 2.91 – 2.83 (m, 1H), 1.75 (br s, 1H), 
1.57 (tdd, J = 11.8, 5.7, 3.2 Hz, 3H), 1.26 (td, J = 7.8, 7.1, 4.6 Hz, 2H), 1.09 (ddt, J = 13.0, 
8.3, 2.2 Hz, 1H). 
HPLC:   tR = 6.68 min, tR = 11.3 min 
(CHIRALPAK® IB-3, 95:5:1 hexane/isopropanol/diethylamine, 1.0 mL/min, 254 nm, 23 
˚C) 
TLC:  Rf 0.19 (9:1 EA/TEA) [UV] 




Following General Procedure 1 (benzaldehyde, 0.09 mL) gave a crude mixture which was purified with 
89.5:9.5:1 DCM/MeOH/NH4OH eluent.  White solids were obtained 40. mg 44-E (23 %) and 40. mg 44-T 
(23 %). 
Data for 44-E: 
Mol. Formula:  C14H19NO 
M.W.  217.31  
1H NMR: (500 MHz, Chloroform-d) 
δ 7.44–7.32 (m, 5H), 5.06 (d, J = 5.6 Hz, 1H), 3.54 (t, J = 14.5 Hz, 1H), 3.10 (td, J = 9.0, 
5.5 Hz, 1H), 3.01 (qd, J = 8.1, 2.5 Hz, 1H), 2.87 (dt, J = 13.0, 8.6 Hz, 1H), 2.82–2.71 (m, 




HPLC:   tR =  2.00 min, tR = 5.70 min 
(CHIRALPAK® IB-3, 96:4 hexane/isopropanol, 1.0 mL/min, 220 nm, 23 ˚C) 
TLC:  Rf 0.05 (89.5:9.5:1 DCM/MeOH/NH4OH) [I2] 
Data for 44-T: 
Mol. Formula:  C14H19NO 
M.W.  217.31 
1H NMR: (500 MHz, Chloroform-d) 
δ 7.43–7.39 (m, 2H), 7.36–7.32 (m, 2H), 7.32–7.27 (m, 1H), 4.38 (d, J = 9.8 Hz, 1H), 3.13–
3.03 (m, 1H), 2.96 (ddd, J = 8.3, 6.5, 1.5 Hz, 2H), 2.82–2.73 (m, 2H), 1.77 (dqd, J = 6.2, 
4.4, 2.3 Hz, 1H), 1.56–1.42 (m, 4H), 1.33 (dddd, J = 13.8, 9.4, 4.6, 2.3 Hz, 1H), 1.12 (ddt, 
J = 12.9, 8.3, 2.1 Hz, 1H). 
HPLC:   tR = 2.00 min, tR = 5.75 min 
(CHIRALPAK® IB-3, 96:4 hexane/isopropanol, 1.0 mL/min, 220 nm, 23 ˚C) 
TLC:  Rf 0.17 (89.5:9.5:1 DCM/MeOH/NH4OH) [I2] 




Following General Procedure 1 (4-methoxybenzaldehyde, 0.11 mL) gave a crude mixture which was 
purified with 89.5:9.5:1 DCM/MeOH/NH4OH eluent.  White solids were obtained 25 mg 45-E (13 %) and 
35 mg 45-T (18 %). 
Data for 45-E: 
Mol. Formula:  C15H21NO2 




1H NMR: (500 MHz, Chloroform-d) 
δ 7.26 (d, J = 8.5 Hz, 2H), 6.85 (d, J = 8.5 Hz, 2H), 4.89 (d, J = 5.9 Hz, 1H), 4.13 (br s, 
1H, OH), 3.78 (s, 3H, OMe), 3.37 (tdd, J = 12.5, 6.0, 2.5 Hz, 1H), 2.99 (td, J = 8.8, 6.1 Hz, 
1H), 2.91 (dtd, J = 13.6, 6.6, 2.3 Hz, 1H), 2.79 (dt, J = 13.2, 8.5 Hz, 1H), 2.64 (tdd, J = 
11.8, 4.1, 1.5 Hz, 1H), 1.87 (br s, 1H), 1.76–1.69 (m, 1H), 1.64–1.42 (m, 5H). 
HPLC:   tR = 10.3 min, tR = 12.0 min 
(CHIRALPAK® AD-H, 94:6:1 hexane/isopropanol/diethylamine, 1.0 mL/min, 274 nm, 23 
˚C) 
TLC:  Rf 0.10 (89.5:9.5:1 DCM/MeOH/NH4OH) [I2] 
Data for 45-T: 
Mol. Formula:  C15H21NO2 
M.W.  247.16 
1H NMR: (500 MHz, Chloroform-d) 
δ 7.32 (d, J = 8.7 Hz, 2H), 6.87 (d, J = 8.7 Hz, 2H), 4.70 (br s, 1H, OH), 4.34 (d, J = 9.8 
Hz, 1H), 3.79 (s, 3H, OMe), 3.15–3.06 (m, 1H), 2.97 (ddd, J = 8.5, 6.4, 1.7 Hz, 1H), 2.86–
2.73 (m, 2H), 1.78 (tt, J = 5.1, 2.4 Hz, 1H), 1.58–1.43 (m, 4H), 1.32 (dddd, J = 13.8, 9.5, 
4.5, 2.3 Hz, 1H), 1.28–1.24 (m, 1H), 1.08 (ddt, J = 12.9, 8.2, 2.1 Hz, 1H). 
HPLC:   tR = 14.5 min, tR = 19.6 min 
(CHIRALCEL® OJ-H, 95:5:1 hexane/isopropanol/diethylamine, 1.0 mL/min, 274 nm, 23 
˚C) 
TLC:  Rf 0.15 (89.5:9.5:1 DCM/MeOH/NH4OH) [I2] 







Following General Procedure 1 (p-cyanobenzaldehyde, 113 mg) gave a crude mixture which was purified 
with 89.5:9.5:1 DCM/MeOH/NH4OH eluent.  White solids were obtained 13 mg 46-E (7 %) and 9.4 mg 
46-T (5 %). 
Data for 46-E: 
Mol. Formula:  C15H18N2O 
M.W.  242.14  
1H NMR: (500 MHz, Chloroform-d) 
δ 7.61 (d, J = 8.1 Hz, 2H), 7.50 (d, J = 8.0 Hz, 2H), 5.23 (d, J = 4.8 Hz, 1H), 4.67 (br s, 
1H, OH), 3.67 (dtd, J = 13.8, 7.3, 3.8 Hz, 1H), 3.07 (tdd, J = 13.1, 5.7, 3.6 Hz, 2H), 2.85 
(ddd, J = 12.9, 9.8, 7.8 Hz, 1H), 2.77 – 2.70 (m, 1H), 1.99–1.95 (m, 1H), 1.79–1.65 (m, 
2H), 1.65–1.51 (m, 2H), 1.41 (tdd, J = 11.1, 4.8, 2.5 Hz, 1H), 1.27 – 1.23 (m, 1H). 
HPLC:   tR = 20.3 min, tR = 22.2 min 
(CHIRALPAK® AD-H, 97:3:1 hexane/isopropanol/diethylamine, 1.0 mL/min, 267 nm, 23 
˚C) 
TLC:  Rf 0.13 (89.5:9.5:1 DCM/MeOH/NH4OH) [I2] 
Data for 46-T: 
Mol. Formula:  C15H18N2O 
M.W.  242.14 
1H NMR: (500 MHz, Chloroform-d) 
δ 7.64 (d, J = 8.6 Hz, 2H), 7.54 (d, J = 8.3 Hz, 2H), 5.11 (br s, 1H, OH), 4.50 (d, J = 9.8 
Hz, 1H), 3.22 (dtd, J = 13.5, 8.0, 7.2, 2.3 Hz, 1H), 3.13–2.99 (m, 2H), 2.97–2.87 (m, 2H), 
1.91 (tt, J = 6.0, 3.3 Hz, 1H), 1.64 (dqt, J = 13.3, 6.4, 3.1 Hz, 2H), 1.57 (dtt, J = 13.3, 10.3, 
4.2 Hz, 1H), 1.38 (dddd, J = 11.5, 9.5, 4.2, 1.8 Hz, 1H), 1.28–1.24 (m, 1H), 1.24–1.17 (m, 
1H). 




(CHIRALPAK® AD-H, 94:6:1 hexane/isopropanol/diethylamine, 1.0 mL/min, 238 nm, 23 
˚C) 
TLC:  Rf 0.20 (89.5:9.5:1 DCM/MeOH/NH4OH) [I2] 





Following General Procedure 1 (4-(dimethylamino) benzaldehyde, 129 mg) gave a crude mixture which 
was purified with 9:1 EA/TEA eluent.  White solids were obtained 34 mg 47-E (17 %) and 25 mg 47-T (12 
%). 
Data for 47-E: 
Mol. Formula:  C16H24N2O 
M.W.  260.38  
1H NMR: (500 MHz, Chloroform-d) 
δ 7.21 (d, J = 8.3 Hz, 2H), 6.67 (d, J = 8.3 Hz, 2H), 5.65 (s, 1H, OH), 5.20 (d, J = 4.2 Hz, 
1H), 3.93–3.81 (m, 1H), 3.30–3.21 (m, 1H), 3.14 (ddq, J = 13.9, 9.4, 4.4, 4.0 Hz, 2H), 2.91 
(s, 6H), 2.88–2.78 (m, 1H), 1.91–1.82 (m, 1H), 1.75 (tq, J = 10.3, 3.2 Hz, 1H), 1.69–1.38 
(m, 4H), 1.26 – 1.23 (m, 1H). 
HPLC:   tR = 18.9 min, tR = 23.5 min 
(CHIRALPAK® AD-H, 94:6:1 hexane/isopropanol/diethylamine, 0.8 mL/min, 259 nm, 23 
˚C) 
TLC:  Rf 0.03 (9:1 EA/TEA) [UV] 
Data for 47-E: 




M.W.  260.38 
1H NMR: (500 MHz, Chloroform-d) 
δ 7.27 (d, J = 8.6 Hz, 2H), 6.71 (d, J = 8.6 Hz, 2H), 5.72 (br s, 1H, OH), 4.31 (d, J = 9.8 
Hz, 1H), 3.19–3.10 (m, 1H), 3.01–2.96 (m, 2H), 2.93 (s, 6H), 2.91–2.85 (m, 1H), 2.79 
(dddt, J = 14.1, 9.3, 5.6, 2.4 Hz, 1H), 1.78 (ddt, J = 6.2, 4.3, 2.8 Hz, 1H), 1.59–1.46 (m, 
4H), 1.39–1.32 (m, 1H), 1.09 (ddt, J = 13.0, 8.2, 2.3 Hz, 1H). 
HPLC:   tR = 19.7 min, tR = 24.3 min 
(CHIRALPAK® AD-H, 94:6:1 hexane/isopropanol/diethylamine, 0.8 mL/min, 259 nm, 23 
˚C) 
TLC:  Rf 0.13 (9:1 EA/TEA 9:1) [UV] 




Following General Procedure 1 (mesitylaldehyde, 0.13 mL) gave a crude mixture which was purified with 
89.5:9.5:1 DCM/MeOH/NH4OH eluent.  White solids were obtained 40. mg 48-E (20. %) and 22 mg 48-T 
(11 %). 
Data for 48-E: 
Mol. Formula:  C17H25NO 
M.W.  259.39  
1H NMR: (500 MHz, Chloroform-d) 
δ 7.14 (br s, 1H, OH), 6.80 (d, J = 14.3 Hz, 2H), 5.15 (d, J = 9.9 Hz, 1H), 3.40–3.30 (m, 
1H), 3.13 (t, J = 8.0 Hz, 2H), 2.98 (ddd, J = 14.4, 10.2, 4.7 Hz, 1H), 2.63–2.34 (m, 6H), 
2.23 (s, 3H), 1.74–1.61 (m, 4H), 1.41 (dddd, J = 14.1, 9.8, 4.7, 2.3 Hz, 1H), 1.29–1.24 (m, 
2H), 1.02 (ddt, J = 13.2, 8.6, 2.1 Hz, 1H). 




(CHIRALPAK® AD-H, 95:5:1 hexane/isopropanol/diethylamine, 1.0 mL/min, 274 nm, 23 
˚C) 
TLC:  Rf 0.09 (89.5:9.5:1 DCM/MeOH/NH4OH) [I2] 
Data for 48-T: 
Mol. Formula:  C17H25NO 
M.W.  259.39 
1H NMR: (500 MHz, Chloroform-d) 
δ 6.79 (s, 2H), 5.23 (d, J = 7.9 Hz, 1H), 3.35 (q, J = 8.6 Hz, 1H), 3.22 (br s, 1H, OH), 2.90–
2.69 (m, 3H), 2.43 (s, 6H), 2.21 (s, 3H), 1.94–1.82 (m, 2H), 1.76–1.69 (m, 1H), 1.65–1.46 
(m, 5H). 
HPLC:   tR = 5.21 min, tR = 5.60 min 
(CHIRALPAK® AD-H, 95:5:1 hexane/isopropanol/diethylamine, 1.0 mL/min, 274 nm, 23 
˚C) 
TLC:  Rf 0.33 (89.5:9.5:1 DCM/MeOH/NH4OH) [I2] 




Following General Procedure 1 (9-anthraldehyde, 178 mg) gave a crude mixture which was purified with 
9:1 EA/TEA eluent.  White solids were obtained 32 mg 49-E (13 %) and 40. mg 49-T (16 %). 
Data for 49-E: 
Mol. Formula:  C22H23NO 
M.W.  317.43  




δ 9.49 (br s, 1H, OH), 9.08 (d, J = 8.9 Hz, 1H), 8.44 (s, 1H), 8.37 (d, J = 9.0 Hz, 2H), 8.00 
(d, J = 8.5 Hz, 2H), 7.48 (dq, J = 30.1, 7.6, 6.9 Hz, 4H), 6.44 (d, J = 9.7 Hz, 1H), 4.19 (q, 
J = 9.5 Hz, 1H), 3.80 (dt, J = 11.4, 7.2 Hz, 1H), 1.82–1.70 (m, 4H), 1.69–1.51 (m, 2H), 
0.90 (dtd, J = 18.6, 7.2, 2.8 Hz, 3H). 
HPLC:   tR = 10.6 min, tR = 12.0 min 
(CHIRALPAK® AD-H, 60:40:1 hexane/isopropanol/diethylamine, 0.6 mL/min, 254 nm, 
23 ˚C) 
TLC:  Rf 0.13 (9:1 EA/TEA) [UV] 
Data for 49-T: 
Mol. Formula: C22H23NO 
M.W.  317.43 
1H NMR: (500 MHz, Chloroform-d) 
δ 8.40 (s, 1H), 7.98 (d, J = 8.4 Hz, 2H), 7.51 (t, J = 7.6 Hz, 2H), 7.44 (ddd, J = 7.5, 6.5, 1.0 
Hz, 2H), 7.06 (d, J = 3.7 Hz, 1H), 4.39 (q, J = 11.2, 10.6, 9.4 Hz, 1H), 3.49 (td, J = 10.1, 
3.5 Hz, 1H), 3.31–3.21 (m, 2H), 3.06 (t, J = 12.1 Hz, 1H), 2.97 (q, J = 10.9, 10.1, 9.6 Hz, 
1H), 2.36 (t, J = 12.0 Hz, 1H), 2.03–1.99 (m, 3H), 1.13 (tt, J = 11.2, 7.1 Hz, 2H), 0.98–
0.81 (m, 3H). 
HPLC:   tR = 10.3 min, tR = 12.0 min 
(CHIRALPAK® AD-H, 90:10:1 hexane/isopropanol/diethylamine, 1.0 mL/min, 254 nm, 
23 ˚C) 
TLC:  Rf 0.22 (9:1 EA/TEA) [UV] 
5.3.4. Preparation of 2-(Hydroxyldiphenylmethyl) quinuclidine N-oxide [RML-DN9934] 
 
 
To an oven-dried 50-mL Schlenk flask, charged with argon and equipped with a magnetic stir bar, septum 




reaction vessel was removed from the box and 20-mL anhydrous THF was added to dissolve 29.  TMEDA 
(0.49 mL, 3.30 mmol, 1.1 equiv) was added and the mixture was allowed to stir at room temperature for 30 
min.  The reaction mixture was cooled to –78 ˚C (internal temperature) and n-BuLi (1.41 mL, 3.00 mmol, 
1 equiv, 2.34 M in hexanes) was added dropwise with the internal temperature not exceeding –70 ˚C.  A 
color change was observed after the addition of n-BuLi to yellow.  The mixture was stirred at –78 ˚C for 
two hours.  After which, benzophenone (600 mg, 3.30 mmol, 1.1 equiv) dissolved in 3-mL anhydrous THF 
was added dropwise to the reaction mixture resulting in a deep green reaction mixture.  This was stirred for 
two hours at –78 ˚C, and after which this was warmed slowly over 14 hours to room temperature.  Sat. 
NH4Cl solution (0.66 mL) was added to quench excess n-BuLi and allowed to stir at room temperature for 
30 min.  The mixture was filtered over a pad of Celite and the filter cake was washed with ethyl acetate (3 
x 50 mL).  The organic layer was concentrated via reduced pressure to a yellow oil.  The crude reaction 
mixture was purified by C-18 chromatography (2 cm x 14.4 cm, MeOH, 10 mL each); however no 
separation was found.  The reaction mixture was purified by C-18 chromatography (2 cm x 14.4 cm, 95:5 
MeCN/H2O to MeOH, 10 mL each) which removed N-oxide 29.  The reaction mixture was again purified 
by C-18 chromatography (1 cm x14.4 cm, 95:5 MeCN/H2O to MeOH, 10 mL each) no further separation 
was found.  This was purified by silica chromatography (2 cm x 8 cm, 99:1 MeOH/NH4OH, 10 mL each); 
however separation was only found by prep-TLC in 99:1 MeOH/NH4OH.  The products were visualized 
by I2.  Two prep-TLC plates were needed, the first to get to 98 % purity of 50 and finally 50 was isolated 
as a white solid (58 mg, 6.25 %). 
Data for 50: 
Mol. Formula:  C20H23NO2 
M.W. 309.41 
1H NMR: (500 MHz, Chloroform-d) 
δ 7.81 (d, J = 7.8 Hz, 2H), 7.48 – 7.39 (m, 4H), 7.34 (td, J = 15.4, 7.4 Hz, 4H), 7.27 (t, J = 
7.2 Hz, 1H), 4.43 (t, J = 9.9 Hz, 1H), 3.66 (tt, J = 11.5, 3.6 Hz, 1H), 3.31 (td, J = 12.4, 
11.9, 7.0 Hz, 1H), 3.02 (tdd, J = 10.3, 6.6, 3.0 Hz, 1H), 2.89 – 2.75 (m, 3H), 2.25 – 2.06 
(m, 2H), 1.98 (ddd, J = 17.0, 8.8, 3.5 Hz, 1H), 1.68 (tdd, J = 11.7, 5.8, 2.7 Hz, 1H), 1.44 
(ddd, J = 16.0, 9.8, 3.9 Hz,1H). 




(ZORBAX SB-C18, 70:30:1 H2O/MeCN/HCOOH to 10:90:1 over 10 min and back to 
70:30:1 over 5 min, 1.0 mL/min, 254 nm, 23 ˚C) 
TLC:  Rf 0.18 (C–18, MeOH) [I2] 
Rf 0.48 (99:1 MeOH/NH4OH) [I2] 
5.3.5. General Procedure 2: Response Factors for Metalation of Quinuclidine N-oxide (29) 
First RP-HPLC method was developed to ensure no overlap of any peaks.  The method develop was on 
Zorbax C-18 with a gradient (70:30:1 H2O/MeCN/HCOOH to 10:90:1 over 10 min and back to 70:30:1 
over 5 min). 
Table 7. Retention Times for Metalation Experiments 





The response factor samples were prepared from stock solutions of biphenyl (2.3 mg, 0.032 M) and 
metalation addition product, 50, (41.1 mg, 0.027 M) in MeCN (5 mL).  After addition of stock solution of 
biphenyl and metalation addition product, the volume of the HPLC sample was increased to 1 mL with 
MeCN.  The response factor was calculated to be 3.41 with an R2 of 0.992. 
5.3.5.1. Response Factor Data 
Table 8. Response Factor Data 
 
Product, 50, Standard Biphenyl Standard 
Run Std 
soln(μL) 










1.1 75 0.001994242 4.328 332 100 0.0029828 9.761 1841.2 




Table 8. (cont.) 
 
Product, 50, Standard Biphenyl Standard 
Run Std 
soln(μL) 










1.3 75 0.001994242 4.326 339.8 100 0.0029828 9.759 1830.7 
1.4 75 0.001994242 4.334 341 100 0.0029828 9.764 1831.4 
2.1 150 0.003988484 4.193 651.2 100 0.0029828 9.759 1677.2 
2.2 150 0.003988484 4.198 656.7 100 0.0029828 9.761 1679.6 
2.3 150 0.003988484 4.206 660.3 100 0.0029828 9.769 1676.4 
2.4 150 0.003988484 4.222 655.8 100 0.0029828 9.775 1680.3 
3.1 300 0.007976968 4.018 1339 100 0.0029828 9.774 1807.1 
3.2 300 0.007976968 4.026 1333.8 100 0.0029828 9.781 1798.2 
3.3 300 0.007976968 4.03 1332.7 100 0.0029828 9.784 1804.4 
3.4 300 0.007976968 4.026 1329.4 100 0.0029828 9.785 1797.6 
4.1 450 0.011965453 3.89 1944.5 100 0.0029828 9.795 1790.3 
4.2 450 0.011965453 3.899 1951.9 100 0.0029828 9.796 1786.5 
4.3 450 0.011965453 3.898 1950.7 100 0.0029828 9.799 1788.6 
4.4 450 0.011965453 3.907 1966.4 100 0.0029828 9.798 1788.3 
5.1 600 0.015953937 3.799 2467.6 100 0.0029828 9.796 1535.3 
5.2 600 0.015953937 3.787 2470.1 100 0.0029828 9.790 1536.9 
5.3 600 0.015953937 3.779 2486.5 100 0.0029828 9.783 1537.2 
5.4 600 0.015953937 3.78 2457.1 100 0.0029828 9.791 1536.5 
 
Figure 47.  Metalation Response Factor Data 





























5.3.6. General Procedure 3: Metalation Experiments in Quinuclidine N-oxide 
 
To an oven-dried acid and base washed dram-vial charged with argon and equipped with a septum and 
magnetic stir bar was added 29 (20. mg, 0.16 mmol, 1 equiv) from a glove box.  The vial was taken out of 
the glove box, purged and charged with argon.  Anhydrous solvent (1 mL) containing biphenyl (5 mg, 
0.0032 M) from a stock solution was added to dissolve 29.  The lithiation agent either (–)-sparteine (40 μL, 
0.16 mmol, 1 equiv) or TMEDA (20 μL, 0.16 mmol, 1 equiv) was added to the reaction mixture.  The 
mixture was allowed to stir for 30 min at room temperature.  The reaction was cooled to –78 ˚C (internal 
temperature) for 15 min in a cryocool bath.  nBuLi (70 μL, 1.70 mmol, 1.1 equiv) was added all at once to 
the reaction mixture.  The mixtures were then allowed to stir at –78 ˚C for the allotted time.  After the time 
had passed, benzophenone (35.8 mg, 0.20 mmol, 1.25 equiv) dissolved in anhydrous solvent (180 μL) was 
added to the reaction mixtures.  Various color changes occurred from yellow after the addition of 
benzophenone to dark red, dark purple, dark green or orange.  The mixtures were allowed to stir at –78 ˚C 
for 1 h, after which the reaction mixture was removed from the cryocool bath and was allowed to warm to 
room temperature over an hour.  An aliquot (5 μL) was taken from the reaction vessel and added into a 
solution.  There were two different quenches.  The first solution was MeCN whereas the second solution 
was 70:30 H2O/MeCN/Formic acid.  The HPLC samples were passed through Celite and analyzed by RP-
HPLC, Zorbax C-18 column. 
5.3.6.1. Metalation Experiments of Quinuclidine N-oxide Data 
Table 9. First Quench MeCN Metalation Data 
Solvent mmol 50 Hour mmol 
std 
area 50 area std % 
yield 
Theoretical 
mmol of product 
Diethyl 
Ether 
0.001163325 1.5 0.031775 4.4 750.1 0.729 0.159616 
Diethyl 
Ether 
0.001275991 2 0.034369 2.5 539.9 0.788 0.161975 
Diethyl 
Ether 





Table 9. (cont.) 
Solvent mmol 50 Hour mmol 
std 
area 50 area std % 
yield 
Theoretical 
mmol of product 
Diethyl 
Ether 
0.003408687 4 0.034369 7.6 377.4 2.136 0.159616 
Diethyl 
Ether 
0.008554033 5.5 0.032423 35.6 506.3 5.386 0.15883 
Diethyl 
Ether 
0.015569019 8 0.040853 64.6 603.3 9.754 0.159616 
Diethyl 
Ether 
0.010663143 25.5 0.036963 58.1 723.7 6.747 0.158044 
Diethyl 
Ether 
0.003661741 8.5 0.032358 14.57793 547.3057 2.317 0.158044 
Diethyl 
Ether 
0.002903173 18 0.032358 17.19 789.56 1.819 0.159616 
Diethyl 
Ether 
0.005141822 24 0.032358 23.34 577.74 3.221 0.159616 
Diethyl 
Ether 
0.008111982 48 0.032358 40.58 600.64 5.082 0.159616 
Toluene 0.004729088 24 0.032475 20.3 558.96 2.992 0.158044 
Toluenea 0.011707011 48 0.032475 52.4757 530.065 7.228 0.161975 
Toluene 0.005171106 24 0.032475 26.5536 645.064 3.208 0.161189 
Toluenea 0.01071474 48 0.032475 42.818 479.367 6.680 0.160403 
THF 0.001890227 1 0.032683 5.18423 515.072 1.173 0.161189 
THF 0.002001011 1 0.032683 7.04591 590.213 1.224 0.163548 
THF 0.005199122 8 0.032683 22.6401 561.336 3.257 0.159616 
 a Shuttle caps were used instead of septum 
Table 10. Second Quench 70:30:1 H2O/MeCN/HCOOH Metalation Data 
Solvent mmol 50 Hour mmol 
std 
area 50 area std % yield Theoretical 
mmol of product 
Diethyl 
Ether 




Table 10. (cont.) 
Solvent mmol 50 Hour mmol 
std 
area 50 area std % yield Theoretical 
mmol of product 
Diethyl 
Ether 
0.002173 2 0.034369 1.46553 261.29 1.341 0.161975 
Diethyl 
Ether 
0.010538 3 0.032423 21.9043 267.328 6.635 0.15883 
Diethyl 
Ether 
0.002747 4 0.034369 3.09904 276.367 1.721 0.159616 
Diethyl 
Ether 
0.001828 5.5 0.032423 1.0142 278.016 1.151 0.15883 
Diethyl 
Ether 
0.0024 8 0.040853 5.22475 468.255 1.503 0.159616 
Diethyl 
Ether 
0.003432 25.5 0.036963 8.6395 432.623 2.171 0.158044 
Diethyl 
Ether 
0.007354 8.5 0.032358 21.23726 372.427 4.653 0.158044 
Diethyl 
Ether 
0.0032 18 0.032358 7.67981 388.45 2.005 0.159616 
Diethyl 
Ether 
0.007548 24 0.032358 24.29931 407.607 4.729 0.159616 
Diethyl 
Ether 
0.006337 48 0.032358 31.6233 612.927 3.970 0.159616 
Toluene 0.014677 24 0.032475 27.91152 237.5132 9.287 0.158044 
Toluenea 0.017491 48 0.032475 49.8847 338.383 10.799 0.161975 
Toluene 0.0167 24 0.032475 27.91152 208.75 10.360 0.161189 
Toluenea 0.03385 48 0.032475 34.8617 125.716 21.103 0.160403 
THF 0.002446 1 0.032683 8.40119 544.634 1.517 0.161189 
THF 0.003723 1 0.032683 14.9263 553.078 2.276 0.163548 
THF 0.009656 8 0.032683 49.67859 614.252 6.049 0.159616 





5.3.7. Preparation of Quinuclidine Lewis Acid Adducts 
Preparation of 1-azabicyclo [2.2.2] octane borane adduct [RML-DN9969] 
 
 
Quinuclidine-borane, 104, was prepared by analogy of a procedure by Henle.9  To an oven-dried 5-mL 
Schlenk flask, charged with argon and equipped with a magnetic stir bar, septum and internal temperature 
probe, was added 38 (306.76 mg, 0.90 mmol, 1 equiv, 3.8 M in benzene).  This was dissolved in anhydrous 
THF (1.8 mL).  A 1 M solution of BH3· THF (1.80 mL, 1.80 mmol, 2 equiv) was added dropwise over 8 
min.  During the addition bubbles were observed.  The reaction was stirred at room temperature until all 38 
was consumed by TLC (89.5:9.5:1 DCM/MeOH/NH4OH, visualized with I2).  The reaction mixture was 
cooled to 0 ˚C (internal temperature) using an ice-bath.  Methanol (4 mL) was added dropwise until all no 
more gas evolution was observed.  The mixture was concentrated via rotary evaporation to yield 121 mg 
crude white solid.  The crude product was purified by silica chromatography (2 cm x 10.6 cm, 3:1 
hexane/EA, 10 mL each) and yielded a white solid (104.6 mg, 93.0 %). 
Data for 104: 
Mol. Formula:  C7H16BN 
M.W.  125.02 
1H NMR: (500 MHz, Chloroform-d) 
δ 2.95 (t, 6H, 3J = 8.0 Hz, HC(1)), 1.95 (sep, 1H, 3J = 3.3 Hz, HC(3)), 1.69 (dq, 6 H, 3J = 
8.3, 3.5 Hz HC(2)), 153 (br s, 1H, HB(4)), 1.27 (br s, 1H, HB(4)), 1.06 (br s, 1H, HB(4)). 
11B NMR: (128 MHz, Chloroform-d) 
δ – 11.16 (q, 1B, 1JB-H = 96.2 Hz, B).  
TLC:  Rf 0.53 (3:1 hexanes/EA) [I2] 





Preparation of Quinuclidine-trifluoroborane [RML-DN9972] 
 
 
Quinuclidine-trifluoroborane, 51, was prepared by modifying a procedure by Farquharson and Hartmann.33  
To an oven-dried 25-mL Schlenk flask, charged with argon and equipped with a magnetic stir bar, septum 
and internal temperature probe, was added 38 (2.952 g, 4.5 mmol, 1 equiv, 7.9 M in benzene).  This was 
dissolved in anhydrous hexane (10 mL).  The reaction mixture was cooled to 0 ˚C (internal temperature) 
using an ice-bath.   A 46.5 % BF3 ·Et2O solution (2.75 mL, 9.00 mmol, 2 equiv) was added dropwise over 
2 min with the internal temperature maintained below 7.2 ˚C.  The solution was allowed to stir at 0 ˚C 
(internal temperature) over 30 min.  After which the solution was warmed to room temperature and white 
solid was observed.  The mixture as concentrated via rotary evaporation to yield a yellow-white solid.  The 
crude product was purified by silica chromatography (3 cm x 17 cm, 89.5:9.5:1 DCM/MeOH/NH4OH, 20 
mL each) and yielded a white solid (741.8 mg, 92.1 %).  
 
Data for 51: 
mp  148 – 150 ˚C (after column)  
Mol. Formula:  C7H13BF3N 
M.W.  178.99 
1H NMR: (500 MHz, Chloroform-d) 
δ 3.11 (t, 6H, 3J = 8.0 Hz, HC(1)), 2.08 (sep, 1H, 3J = 3.3 Hz, HC(3)), 1.83 – 1.78 (m, 6 H, 
HC(2)). 
11B NMR: (128 MHz, Chloroform-d) 
δ 0.07 (q, 1B, J = 15.3 Hz, B). 
19F NMR: (470 MHz, Chloroform-d)  
δ –162.75 (dd, 3F, J = 30.8, 15.2 Hz, FB). 




5.3.8. Attempted Metalation of Quinuclidine Lewis Acid Adducts 




To an oven-dried 10-mL Schlenk flask, charged with argon and equipped with a magnetic stir bar, septum 
and internal temperature probe, was added 104 (50 mg, 0.40 mmol, 1 equiv).  This was dissolved in 
anhydrous toluene (2.5 mL).  TMEDA (60 μL, 0.44 mmol, 1.1 equiv) was added and the mixture was 
allowed to stir at room temperature for 30 min.  The reaction mixture was cooled to –78 ˚C (internal 
temperature) and n-BuLi (0.17 mL, 0.40 mmol, 1 equiv, 2.34 M in hexanes) was added dropwise with the 
internal temperature not exceeding –65 ˚C.  A color change was observed after the addition of n-BuLi to 
pale yellow.  The mixture was stirred at –78 ˚C for three hours.  After which, 1-naphthaldehyde (60 μL, 
0.44 mmol, 1.1 equiv) dissolved in 0.45-mL anhydrous toluene was added dropwise to the reaction mixture.  
This was stirred for one hour at –78 ˚C, and after which this was warmed slowly over 14 hours to room 
temperature.  Sat. NH4Cl solution (0.33 mL) was added to quench excess n-BuLi and allowed to stir at 
room temperature for 30 min.  The mixture was filtered over a pad of Celite and the filter cake was washed 
with ethyl acetate (3 x 10 mL).  The organic layer dried with brine (3 x 20 mL) and K2CO3 and concentrated 
via reduced pressure to a yellow oil.  No 43-E or 43-T was found by 1H-NMR spectroscopy. 




To an oven-dried 10-mL Schlenk flask, charged with argon and equipped with a magnetic stir bar, septum 
and internal temperature probe, was added 82 (100 mg, 0.80 mmol, 1 equiv).  This was dissolved in 
anhydrous toluene (5 mL).  TMEDA (120 μL, 0.88 mmol, 1.1 equiv) was added and the mixture was 
allowed to stir at room temperature for 10 min.  The reaction mixture was cooled to –78 ˚C (internal 
temperature) and sec-BuLi (0.52 mL, 0.80 mmol, 1 equiv, 1.68 M in cyclohexane) was added dropwise 
with the internal temperature not exceeding –72 ˚C.  A color change was observed after the addition of sec-
BuLi to pale yellow.  The mixture was stirred at –78 ˚C for three hours.  After which, 1-naphthaldehyde 




mixture.  This was stirred for one hour at –78 ˚C, and after which this was warmed slowly over 14 hours to 
room temperature.  Sat. NH4Cl solution (0.66 mL) was added to quench excess sec-BuLi and allowed to 
stir at room temperature for 30 min.  The mixture was filtered over a pad of Celite and the filter cake was 
washed with ethyl acetate (3 x 10 mL).  The organic layer dried with brine (3 x 20 mL) and K2CO3 and 
concentrated via reduced pressure to a yellow oil.  Only <5 % 43-E or 43-T was observed by 1H-NMR 
spectroscopy. 




To an oven-dried 10-mL Schlenk flask, charged with argon and equipped with a magnetic stir bar, septum 
and internal temperature probe, was added 51 (50 mg, 0.28 mmol, 1 equiv).  This was dissolved in 
anhydrous toluene (2.5 mL).  TMEDA (40 μL, 0.31 mmol, 1.1 equiv) was added and the mixture was 
allowed to stir at room temperature for 30 min.  The reaction mixture was cooled to –78 ˚C (internal 
temperature) and n-BuLi (0.12 mL, 0.28 mmol, 1 equiv, 2.34 M in hexanes) was added dropwise with the 
internal temperature not exceeding –65 ˚C.  A color change was observed after the addition of n-BuLi to 
pale yellow.  The mixture was stirred at –78 ˚C for three hours.  After which, 1-naphthaldehyde (40 μL, 
0.31 mmol, 1.1 equiv) dissolved in 0.45-mL anhydrous toluene was added dropwise to the reaction mixture.  
This was stirred for one hour at –78 ˚C, and after which this was warmed slowly over 14 hours to room 
temperature.  Sat. NH4Cl solution (0.33 mL) was added to quench excess n-BuLi and allowed to stir at 
room temperature for 30 min.  The mixture was filtered over a pad of Celite and the filter cake was washed 
with ethyl acetate (3 x 10 mL).  The organic layer dried with brine (3 x 20 mL) and K2CO3 and concentrated 
via reduced pressure to a yellow oil.  No 43-E or 43-T was found by 1H-NMR spectroscopy. 




To an oven-dried 10-mL Schlenk flask, charged with argon and equipped with a magnetic stir bar, septum 
and internal temperature probe, was added 51 (100 mg, 0.56 mmol, 1 equiv).  This was dissolved in 




to stir at room temperature for 10 min.  The reaction mixture was cooled to –78 ˚C (internal temperature) 
and sec-BuLi (0.37 mL, 0.56 mmol, 1 equiv, 1.68 M in cyclohexane) was added dropwise with the internal 
temperature not exceeding –72 ˚C.  A color change was observed after the addition of sec-BuLi to pale 
yellow.  The mixture was stirred at –78 ˚C for three hours.  After which, 1-naphthaldehyde (90 μL, 0.61 
mmol, 1.1 equiv) dissolved in 0.8-mL anhydrous toluene was added dropwise to the reaction mixture.  This 
was stirred for one hour at –78 ˚C, and after which this was warmed slowly over 14 hours to room 
temperature.  Sat. NH4Cl solution (0.66 mL) was added to quench excess sec-BuLi and allowed to stir at 
room temperature for 30 min.  The mixture was filtered over a pad of Celite and the filter cake was washed 
with ethyl acetate (3 x 10 mL).  The organic layer dried with brine (3 x 20 mL) and K2CO3 and concentrated 
via reduced pressure to a yellow oil.  Only <5 % 43-E or 43-T was observed by 1H-NMR spectroscopy. 





Erythro-/threo-(1-Azabicyco[2.2.2]oct-2-yl)-naphthalin-1-yl-methanol 7 was prepared by modifying a 
procedure by Su.13 To an oven-dried 10-mL Schlenk flask charged with argon and equipped with a magnetic 
stir bar, septum and internal temperature probe was added potassium tert-butoxide (138 mg, 1.23 mmol, 
2.2 equiv) in a glove box.  The reaction vessel was taken out of the glove box, purged and charged with 
argon.  This was dissolved in 0.45-mL of anhydrous THF.    The reaction mixture was cooled to –78 ˚C 
(internal temperature) and sec-BuLi (1.29 mL, 1.23 mmol, 2.2 equiv, 0.95 M in cyclohexane) was added 
dropwise with the internal temperature not exceeding –72 ˚C.  An immediate color change was observed 
after the addition of sec-BuLi to bright orange.  The mixture was stirred at –78 ˚C for two hours.  To this 
was added 37 (100 mg, 0.56 mmol, 1 equiv) dissolved in anhydrous THF (1 mL) dropwise.  After which, 
1-naphthaldehyde (170 μL, 1.23 mmol, 1.1 equiv) dissolved in 0.12-mL anhydrous THF was added 
dropwise to the reaction mixture.  This was stirred for one hour at –78 ˚C, and after which this was warmed 
slowly over 1.5 hours to 10 ˚C.  Full consumption of starting material was observed by TLC (89.5:9.5:1 
DCM/MeOH/NH4OH).  The reaction mixture was cooled to 0 ˚C (internal temperature) using an ice-bath.  
Aqueous HCl (1 mL, 3N) was added dropwise to quench excess sec-BuLi and allowed to stir at room 
temperature for 12 hours.  After the addition of HCl, the mixture was a bright yellow.  The reaction mixture 




dropwise until the mixture reached a pH of 10.  The mixture was orange.  The organic and aqueous layers 
were partitioned.  The aqueous layer was extracted with EA (3 x 2 mL).  The combined organic layers were 
dried with Na2SO4, filtered and concentrated via reduced pressure to yield an orange oil.   Only 30 % 29-E 
or 29-T was observed by 1H-NMR spectroscopy. 
 Preparation of Erythro-/ threo-(1-Azabicyclo [2.2.2] oct-2-yl)-phenyl-methanol [RML-DN9990]   
 
 
Erythro-/threo-(1-Azabicyco[2.2.2]oct-2-yl)-phenyl-methanol 44 was prepared by modifying a procedure 
by Su.13  To an oven-dried 10-mL Schlenk flask charged with argon and equipped with a magnetic stir bar, 
septum and internal temperature probe was added 37 (100 mg, 0.56 mmol, 1 equiv).  This was dissolved in 
2.80-mL anhydrous toluene and (–)-sparteine (0.28 mL, 1.23 mmol, 2.2 equiv) was added.  The reaction 
mixture was cooled to –78 ˚C (internal temperature) and sec-BuLi (1.29 mL, 1.23 mmol, 2.2 equiv, 0.95 M 
in cyclohexane) was added dropwise with the internal temperature not exceeding –72 ˚C.  An immediate 
color change was observed after the addition of sec-BuLi to yellow.  The mixture was stirred at –78 ˚C for 
one hour.  This was slowly warmed to –20 ˚C over one hour.  Then –20 ˚C (internal temperature) was 
maintained for an hour with a 70:30 H2O/MeOH and dry ice cold bath.  The reaction, now orange, was then 
cooled to –50 ˚C (internal temperature) with a chloroform/dry ice bath.  To this was added freshly distilled 
benzaldehyde (0.12 mL, 1.23 mL, 2.2 equiv) dissolved in anhydrous toluene (1 mL) dropwise.  This was 
allowed to warm to room temperature over 36 hours.  The excess sec-BuLi was quenched with HCl (aq, 
2.8 mL, 1 M) and the mixture turned light yellow.  This was basified with NaOH (aq, 1 mL, 2M) to pH 11.  
Finally the organic and aqueous layers were partitioned.  The aqueous layer was extracted with DCM (3 x 
12 mL).  The combined organic layers were washed with a pH 7 phosphorous buffer solution (4 x 6 mL), 
dried with Na2SO4, filtered and concentrated via reduced pressure to give a yellow oil.   To the residue was 
added a magnetic stir bar, anhydrous MeOH (8 mL), 201.2 mg KF2H and DI H2O (0.8 mL).  The mixture 
was allowed to stir at room temperature overnight, 14 hours.  The methanol was evaporated under reduced 
pressure.  The remaining residue was diluted with 5.6-mL of DI H2O and basified with NaOH (aq, 1.7 mL, 
2 M).  A white solid was observed after basification, which was the (–)-sparteine.  The aqueous layer was 
extracted with DCM (3 x 11 mL), dried over Na2SO4, filtered and concentrated via reduced pressure to a 
yellow oil.  The crude mixture was purified by silica chromatography (2 cm x 8 cm, 89.5:9.5:1 
DCM/MeOH/NH4OH, 10 mL each) to give two off-white solids 44-E (6.3 mg, 5.2 %), 44-T (16.8 mg, 13.8 
%); however sparteine was found to have streaked all the way through the purification and further 




Data for 44-E: 
Mol. Formula:  C14H19NO 
M.W.  217.31  
1H NMR: (500 MHz, Chloroform-d) 
δ 7.44–7.32 (m, 5H), 5.06 (d, J = 5.6 Hz, 1H), 3.54 (t, J = 14.5 Hz, 1H), 3.10 (td, J = 9.0, 
5.5 Hz, 1H), 3.01 (qd, J = 8.1, 2.5 Hz, 1H), 2.87 (dt, J = 13.0, 8.6 Hz, 1H), 2.82–2.71 (m, 
1H), 1.93 (br s, 1H), 1.83–1.75 (m, 1H), 1.70–1.48 (m, 6H). 
HPLC:   tR =  2.00 min (75 %) , tR = 5.70 min (25 %) 
(CHIRALPAK® IB-3, 96:4 hexane/isopropanol, 1.0 mL/min, 220 nm, 23 ˚C) 
TLC:  Rf 0.05 (89.5:9.5:1 DCM/MeOH/NH4OH) [I2] 
Data for 44-T: 
Mol. Formula:  C14H19NO 
M.W.  217.31 
1H NMR: (500 MHz, Chloroform-d) 
δ 7.43–7.39 (m, 2H), 7.36–7.32 (m, 2H), 7.32–7.27 (m, 1H), 4.38 (d, J = 9.8 Hz, 1H), 3.13–
3.03 (m, 1H), 2.96 (ddd, J = 8.3, 6.5, 1.5 Hz, 2H), 2.82–2.73 (m, 2H), 1.77 (dqd, J = 6.2, 
4.4, 2.3 Hz, 1H), 1.56–1.42 (m, 4H), 1.33 (dddd, J = 13.8, 9.4, 4.6, 2.3 Hz, 1H), 1.12 (ddt, 
J = 12.9, 8.3, 2.1 Hz, 1H). 
HPLC:   tR = 2.00 min (20 %), tR = 5.75 min (80 %) 
(CHIRALPAK® IB-3, 96:4 hexane/isopropanol, 1.0 mL/min, 220 nm, 23 ˚C) 
TLC:  Rf 0.17 (89.5:9.5:1 DCM/MeOH/NH4OH) [I2]  
5.3.9. General Procedure 4: Solubility Tests for Quinuclidine N-oxide 
N-oxide 29 (10 mg, 0.078 mmol) was added to a small test tube in a glove box.  The tube was capped with 
an NMR septum.  The solvent (0.5 mL, 0.16 M) was added to the tube.  If the N-oxide did not dissolve 




Table 11. Solubility Test Data of 29 
Solvent Solubility Solvent Source Solvent Ratio 
Cyclohexane no 
  
Pyridine yes Still 
 






Benzene yes Still 
 
Diethyl Ether no SDS 
 
Toluene no SDS 
 
Benzene/Pentane no SDS/still 1:9 
Benzene/Pentane no SDS/still 3:7 
Benzene/Pentane no SDS/still 1:1 
Benzene/Pentane no SDS/still 7:3 
Benzene/Hexane no SDS 1:9 
Benzene/Hexane no SDS 1:1 














Table 11. (cont.) 












5.4. Attempted Metalation of Quincorine Carbamate  
5.4.1. Preparation of ((1S, 2S, 4S, 5R)-5-Vinylquinuclidin-2-yl)methyl Diisopropylcarbamate 
[RML-EXP-16-ED6337] 
 
To a flame-dried 5-mL Schlenk flask equipped with a magnetic stir bar, septum and internal temperature 
was charged with N, N-diisopropylcarbamoyl chloride (117.4 mg, 0.717 mmol, 1.2 equiv) dissolved in 
anhydrous THF (1.0 mL) and kept under an inert atmosphere.  Sodium hydride (21.7 mg, 0.777 mmol, 1.3 
equiv) was added in one portion to the reaction mixture.  The suspension was cooled to 0 °C (internal 
temperature) via an ice water bath.  Quincorine (94 μL, 0.60 mmol, 1 equiv) was added dropwise over 5 
min to the reaction mixture.  The solution was allowed to slowly warm to room temperature overnight.  The 
excess NaH was quenched with DI H2O (5 mL).  The organic and aqueous layers were partitioned.  The 
aqueous layer was extracted with DCM (3 x 5 mL).  The organic layers were combined, dried over Na2SO3, 
filtered and concentrated.  The crude oil was purified by flash chromatography (2 x 10.3 cm silica, eluted 
with 89.5:9.5:1 DCM/MeOH/NH4OH 10 mL fractions) to afford 53 as a viscous orange oil (186.6 mg, 
97%).  
Data for 53: 
Mol. Formula:  C17H30N2O2 
M.W.  294.44 
1H NMR: (500 MHz, Chloroform-d) 
δ 5.87 (ddd, J = 17.4, 10.5, 7.5 Hz, 1H), 5.06 (dt, J = 8.5, 1.5 Hz, 1H), 5.04 (d, J = 1.4 
Hz, 1H), 4.15 – 3.78 (m, 2H), 3.54 – 3.40 (m, 2H), 3.19 (dd, J = 13.7, 10.0 Hz, 1H), 3.02 
(dqt, J = 15.5, 5.0, 2.8 Hz, 2H), 2.76 – 2.59 (m, 2H), 2.35 (ddddd, J = 9.6, 8.2, 5.1, 3.3, 
1.7 Hz, 1H), 1.90 – 1.79 (m, 1H), 1.76 (h, J = 3.1 Hz, 1H), 1.54 (qddd, J = 12.8, 9.2, 5.7, 
3.1 Hz, 2H), 0.83 (ddt, J = 13.3, 7.2, 2.0 Hz, 1H). 









To a flame-dried 5-mL Schlenk flask equipped with a magnetic stir bar, septum and internal temperature 
was charged with carbamate 53 (51.0 mg, 0.170 mmol, 1.0 equiv) dissolved in anhydrous Et2O (0.85 mL) 
and kept under an inert atmosphere.  TMEDA (0.05 mL, 0.340 mmol, 2 equiv) was added to the reaction 
mixture which was subsequently cooled to −78 °C (internal temperature) via a cryocool.  s-BuLi (0.3 mL, 
0.340 mmol, 2 equiv, 1.14 M) was added dropwise.  Lithiation was allowed to occur at −78 °C for 5 h.  A 
solution of electrophile (0.340 mmol, 2 equiv) in anhydrous Et2O (0.85 mL) was added to the reaction 
mixture.  The temperature was kept at −78 °C for one hour, after which the reaction mixture was slowly 
warmed to room temperature.  Excess lithium was quenched through the addition of DI H2O (1 mL).  The 
aqueous layer was extracted with Et2O (3 x 5 mL).  The combined organic layers were dried with K2CO3, 
filtered and concentrated via rotary evaporation.  The crude mixture was purified by flash 
chromatography.  All electrophiles except for Me3SnCl were unsuccessful with only the isolation of 
carbamate dimer. 





Following General Procedure 5 (trimethyltin chloride, 71.2 mg) gave a crude mixture which was purified 
with a gradient elution from 97.5:1.5:1 to 89.5:9.5:1 DCM/MeOH/NH4OH.  White solid was obtained in 
3.8 mg (4.9%). 
Data for 58 
Mol. Formula:  C20H28N2O2Sn 




1H NMR: (500 MHz, Chloroform-d) 
δ 5.89 (ddd, J = 17.6, 10.3, 7.7 Hz, 1H), 5.07 – 4.93 (m, 2H), 4.63 (d, J = 9.4 Hz, 1H), 
4.16 – 3.64 (m, 0H), 3.22 – 2.94 (m, 3H), 2.73 – 2.44 (m, 1H), 2.22 (s, 1H), 1.73 (d, J = 
9.5 Hz, 2H), 1.34 – 1.02 (m, 19H), 0.95 – 0.77 (m, 3H), 0.17 – -0.07 (m, 9H). 
5.4.4. General Procedure 6: Electrophile Trapping with a Metalation Warming Cycle 
 
To a flame-dried 5-mL Schlenk flask equipped with a magnetic stir bar, septum and internal temperature 
was charged with carbamate 53 (51.0 mg, 0.170 mmol, 1.0 equiv) dissolved in anhydrous Et2O (0.85 mL) 
and kept under an inert atmosphere.  TMEDA (0.05 mL, 0.340 mmol, 2 equiv) was added to the reaction 
mixture which was subsequently cooled to −78 °C (internal temperature) via a cryocool.  s-BuLi (0.3 mL, 
0.340 mmol, 2 equiv, 1.14 M) was added dropwise.  Lithiation was allowed to occur at −78 °C for 1 h 
followed by a warming to either −50 °C, −25 °C, or 0 °C for 0.5 h.  The reaction mixture was then cooled 
back down to −78 °C.  A solution of TMSCl (0.340 mmol, 2 equiv) in anhydrous Et2O (0.85 mL) was 
added to the reaction mixture.  The temperature was kept at −78 °C for one hour, after which the reaction 
mixture was slowly warmed to room temperature.  Excess lithium was quenched through the addition of 
DI H2O (1 mL).  The aqueous layer was extracted with Et2O (3 x 5 mL).  The combined organic layers 
were dried with K2CO3, filtered and concentrated via rotary evaporation.  The crude mixture was purified 





5.5. Resolution of Cinchona Alkaloids 
5.5.1. General Procedure 7: Stoichiometric Alcohol Derivatization 
 
The example is shown for the erythro diastereomer; however the same procedure is used for the threo 
diastereomer.  To an oven-dried one-necked round bottomed flask equipped with a magnetic stir bar, reflux 
condenser and gas inlet was added amino alcohol 29-E (0.75 mmol) dissolved in anhydrous toluene.  
Isocyanate xx (0.18 mL, 0.987 mmol, 1.32 equiv) was subsequently added to the reaction mixture.  The 
mixture was heated to reflux and left for 17 h, after which full consumption of amino alcohol was observed. 
The mixture was cooled to room temperature and transformed from a clear brown solution to an opaque 
and cream colored solution.  The mixture was concentrated via rotary evaporation.  No separation was 
observed for the resulting diastereomers. 
5.5.2. General Procedure 8: Esterification Kinetic Resolution   
 
The example is shown for the erythro diastereomer; however the same procedure is used for the threo 
diastereomer.  A stock solution of base, catalyst and solvent was made every batch of kinetic resolutions.  
The t-amyl alcohol was distilled and stored in an inert atmosphere over 3 Å MS.  The stock solution was 
measured out into an oven-dried 10-mL volumetric flask to which (Cat)-HBTM (0.05 mmol) and Huing’s 
base (1.88 mmol) were added.  To another oven-dried 10-mL volumetric flask was added anhydrous 
toluene (5.0 mL) and anhydrous t-amyl alcohol (5.0 mL).  The 1:1 mixture of solvents filled the 
volumetric flask containing the base and catalyst.  
An acid and base washed vial, that was oven-dried and equipped with a magnetic stir bar and cap with a 
septum, was charged with the amino alcohol (0.25 mmol).  The vial was evacuated and recharged with 




at room temperature.  The reaction was cooled to the desired temperature for 20 min.  Propionic 
anhydride (24 μL, 0.75 equiv).  The reaction conversion was monitored by 1H-NMR with a 10 μL 
reaction aliquot in CDCl3.  As the reaction progressed the reaction went from cloudy to clear for the 
erythro diastereomer.  The threo diastereomer started clear and afforded a white precipitate.   
Once half conversion of starting amino alcohol was determined, the esterification was stopped through 
the addition of MeOH (0.5 mL).  The reaction was stirred at the desired temperature (0.5 h) and was 
warmed to room temperature (1 h).  The sample was diluted with CHCl3 (0.7 mL).  The organic layer was 
washed with sat. NH4Cl (3 x 1 mL), brine (3 x 1 mL) and 0.1 N NaOH (3 x 1 mL).  The aqueous liquid 
was added to the reaction vial and was stirred for 2 min.  The aqueous layer was then removed by pipet.  
The organic layer was dried with K2CO3, filtered through a Khemwipe filter and concentrated.  The crude 
material was chromatographed.  For the threo diastereomer the eluent used was 9:1 EA/TEA (1 x 20.3 cm 
with collection of 5 mL fractions).  The erythro diastereomer used a gradient from 100:0:0 EA to 59:40:1 
EA/MeOH/TEA (1 x 13.3 cm silica, 5 mL fractions).  In both case the ester eluted first.  
The HPLC methods used to analyze the samples are described below: 
43-Recovered Starting Material –E On CSP-NP-HPLC using an Astec DMP Cellulose column was 
eluted with 95:5 hex/IPA at 1 mL/min, 254 nm, 8.583 min and 13.733 min. 
60-E On CSP-NP-HPLC using an Astec DMP Cellulose column was eluted with 99.5:0.5 hex/IPA at 1 
mL/min, 254 nm, 17.238 min and 22.545 min. 
43-Recovered Starting Material –T On CSP-NP-HPLC using an Astec DMP Cellulose column was 
eluted with 95:5 hex/IPA at 1 mL/min, 254 nm, 9.866 min and 23.493 min. 
60-T On CSP-NP-HPLC using an Astec DMP Cellulose column was eluted with 90:10 hex/IPA at 1 
mL/min, 254 nm, 4.909 min and 8.418 min. 
Data for 60 
Mol. Formula:  C21H25NO2 
M.W.  323.44  
1H NMR:  (500 MHz, Chloroform-d) Erythro: 
δ 8.29 – 8.24 (m, 1H), 7.87 – 7.81 (m, 1H), 7.77 (d, J = 8.1 Hz, 1H), 7.56 – 7.50 (m, 2H), 




1H), 2.84 – 2.76 (m, 2H), 2.74 – 2.65 (m, 1H), 2.45 – 2.31 (m, 2H), 1.87 (dh, J = 6.5, 3.0 
Hz, 1H), 1.76 – 1.56 (m, 3H), 1.55 – 1.42 (m, 3H), 1.14 (t, J = 7.5 Hz, 3H). 
(500 MHz, Chloroform-d) Threo: 
δ 8.43 (d, J = 8.6 Hz, 1H), 7.86 (dd, J = 8.1, 1.4 Hz, 1H), 7.81 (dd, J = 8.4, 1.2 Hz, 1H), 
7.63 – 7.54 (m, 2H), 7.53 – 7.42 (m, 2H), 6.53 (s, 1H), 3.53 (q, J = 9.4 Hz, 1H), 3.28 (dt, 
J = 15.8, 8.4 Hz, 1H), 3.02 (ddd, J = 8.5, 6.3, 1.8 Hz, 2H), 2.83 (dt, J = 14.0, 7.4 Hz, 1H), 
2.50 – 2.38 (m, 1H), 2.28 (dq, J = 16.7, 7.5 Hz, 1H), 1.63 (s, 1H), 1.53 – 1.38 (m, 5H), 






Table 12. Erythro Kinetic Resolution (HBTM) 
Temperature 
(°C) 












20 1.3 46:54 32 43:57 60 33 92 
0 4.2 69:31 36 75:25 41 43 77 







Table 13. Threo Kinetic Resolution (HBTM) 
 Temperature 
(°C) 












−25 1.2 55:45 6 51:49 49 65 55 














5.5.3. General Procedure 9: Failed Oxidative Kinetic Resolution 
 
To an oven-dried 5-mL Schlenk flask equipped with a magnetic stir bar, reflux condenser, vacuum inlet 
(connected to an oxygen balloon) was charged with [Pd(-)-sparteineCl2] (5.15 mg, 0.013 mmol, 0.05 
equiv). t-BuOH (0.7 mL), that was filtered through activity 1 alumina (immediately before use), was 
added to the reaction flask.  The base (see above) was added to the reaction mixture followed by the 
addition of amino alcohol 43 (68 mg, 0.25 mmol, 1 equiv). Finally crushed and activated 3 Å MS (10 mg) 
were added to the reaction mixture.  The reaction system was evacuated and refilled with oxygen via a 
balloon (3x).  The reaction was heated to 65 °C for three days.  During this time, the reaction was 
monitored by 1H-NMR; however only starting material was found even after 3.5 days.  The aliquots were 
quenched in a 2% TFA in MeOH solution, concentrated and dissolved in CDCl3.  All oxidative kinetic 
resolutions did not react. 
5.6. Literature Preparations for Brønsted Acid Catalyzed Ugi Reaction 
Chloromethyl methyl ether in toluene was prepared as reported by Berliner and Belecki.46  Phosphoric 
acid 78 was prepared as reported by Jacques and Fouquey.54  Phosphoric acid 77, phosphoryl chloride 81 
phosphoramide 79 and 80 were prepared as reported by Rueping.53  Boronic acid 88 was prepared as 
described by Siegel.69 TRIP-(R)-BINOL 97 was prepared as described by Alexakis.57  Imine 98 was 






5.7. BPA Bulk Material Synthesis 
5.7.1. Synthesis of H8-(R)-BINOL Derivatives 
Preparation of 5,5’,6,6’,7,7’,8,8’-Octahydro-[1,1’-binaphthalene]-2,2’-diol [RML-EXP-17-A19] 
 
H8-(R)-BINOL 72 was prepared by modifying a procedure by Cram et. al.42  To a glass insert equipped 
with a magnetic stir bar was charged with (R)-BINOL 71 (3.5830 g, 12.5 mmol, 1 equiv) dissolved in glacial 
acetic acid (114 mL, 0.1 M).  The acid mixture was degassed for ten minutes with dry N2.  Adams’ catalysts, 
Pt2O, (143 mg, 0.625 mmol, 0.05 equiv) was added to the glass insert.  The reaction vessel was placed into 
an autoclave.  The autoclave was charged with hydrogen through evacuation and pressurization of hydrogen 
(3 x).  The autoclave was finally charged with 150 psi of hydrogen and allowed to stir at room temperature 
for two days.  Complete consumption of hydrogen was observed after 24 h.  Once the reaction was complete 
the mixture was filtered through Celite, to remove the catalyst.  The Celite was washed with CHCl3 (200 
mL) and was submerged during all times.  The organic layer was washed with DI H2O (3 x 50 mL) and 
10% NaHCO3 (3 x 50 mL).  The resulting organic layer was dried with Na2SO3 (0.5 g), filtered and 
concentrated via rotary evaporation to yield a white solid (3.64 g, 99%).  
Data for 72: 
Mol. Formula:  C20H22O2 
M.W.  294.16 
1H NMR: (500 MHz, Chloroform-d) 
δ 7.07 (d, J = 8.3 Hz, 2H), 6.83 (d, J = 8.3 Hz, 2H), 4.53 (s, 2H), 2.75 (t, J = 6.3 Hz, 4H), 
2.29 (dt, J = 17.3, 6.3 Hz, 2H), 2.16 (dt, J = 17.4, 6.3 Hz, 2H), 1.77 – 1.63 (m, 8H). 





Preparation of 2,2’-dimethoxy-5,5’,6,6’,7,7’,8,8’-Octahydro-[1,1’-binaphthalene] [RML-EXP-17-
A51] 
 
Dimethated H8-(R)-BINOL 73 was prepared by modifying a procedure by Schaus.43  To an oven-dried 500-
mL 3-neck round bottom flask equipped with a mechanical stirrer, addition funnel, and vacuum adaptor 
with a septum was charged with argon.  To flask was added NaH (7.742 g, 321 mmol, 7 equiv) suspended 
in anhydrous DMF (128 mL).  A solution of diol 72 (13.5065 g, 45.9 mmol, 1 equiv) in anhydrous DMF 
(147 mL) was added to the addition funnel.  The reaction pot was cooled to 0 °C via an ice-water bath and 
was monitored with an internal temperature probe.  Slow addition of diol 72 occurred over 1.5 h, ensuring 
that the internal temperature did not rise above 5 °C.  The resulting viscous mixture was stirred at 0 °C for 
40 min.  Methyl iodide (11.47 mL, 183 mmol, 4 equiv) was added dropwise over 45 min.  The mixture 
became less viscous and reacted at 0C for 20 min.  The mixture was allowed to warm up to room 
temperature overnight.  After complete starting material consumption, by TLC, the mixture was cooled 
back down to 0 °C via an ice-water bath.  The excess NaH was quenched by slow addition of DI H2O (70 
mL) over 2 h.  Foaming was observed as well as extrusion of H2.  A white precipitate formed, was filtered 
off and washed with DI H2O (20 mL).  The white precipitate was dissolved inn CHCl3 (30 mL).  The organic 
layer was washed with DI H2O (3 x 15 mL) and dried over Na2SO4.  The dried organic layer was filtered 
and concentrated via rotary evaporation affording a white solid (14.86 g, 99%).  Further purification was 
not necessary. 
Data for 73: 
Mol. Formula:  C22H26O2 
M.W.  322.45 
1H NMR: (500 MHz, Chloroform-d) 
δ 7.06 (dd, J = 8.4, 0.9 Hz, 2H), 6.78 (d, J = 8.4 Hz, 2H), 3.67 (d, J = 0.8 Hz, 6H), 2.77 
(q, J = 5.9 Hz, 4H), 2.26 (dt, J = 17.3, 6.5 Hz, 2H), 2.08 (dt, J = 17.3, 6.2 Hz, 2H), 1.76 – 




TLC:  Rf 0.97 (1:1 DCM/MeOH/NH4OH) [UV]  
Preparation of 3,3’-dibromo-2,2’-dimethoxy-5,5’,6,6’,7,7’,8,8’-Octahydro-1,1’-binaphthalene 
[RML-EXP-17-A53] 
 
Dibromide H8-(R)-BINOL 67 was prepared by modifying a procedure by Schrock.44  To an oven-dried 500-
mL one-neck round bottom flask equipped with a magnetic stir bar, vacuum adaptor, septum and internal 
temperature probe was charged with argon.  Diether 73 (12.5005 g, 38.8 mmol, 1 equiv) was added to the 
reaction flask and dissolved in anhydrous DCM (123 mL).  The reaction mixture was cooled to an internal 
temperature of −30 °C via a methanol/water dry ice bath.  Bromine was added dropwise to the reaction 
mixture, ensuring the internal temperature stayed below −25 °C, affording a dark red solution.  The reaction 
was monitored by TLC and found that complete consumption of diether 73 occurred after 0.5 h.  A sat. 
solution of NaHSO3 (125 mL) was added dropwise to quench excess bromine.  The addition took 3h, with 
an internal temperature below −23 °C.  The mixture was allowed to slowly warm to room temperature 
overnight.  The organic and aqueous phases were partitioned.  The organic layer was washed with sat. 
NaHSO3 (3 x 50 mL) and chilled DI H2O (3 x 50 mL).  The resulting organic layer was dried over Na2SO4, 
filtered and concentrated via rotary evaporation to afford an off white foaming solid (17.5085 g, 94%).  
 Data for 67: 
Mol. Formula:  C22H24Br2O2 
M.W.  480.24 
1H NMR: (500 MHz, Chloroform-d) 
δ 7.32 (s, 2H), 3.57 (s, 6H), 2.76 (t, J = 6.4 Hz, 4H), 2.26 (dt, J = 17.2, 6.2 Hz, 2H), 2.06 
(dt, J = 17.2, 6.3 Hz, 2H), 1.72 (ddd, J = 11.0, 6.4, 4.9 Hz, 4H), 1.68 – 1.60 (m, 4H). 








Dibromide H8-(R)-BINOL 74 was prepared by modifying a procedure by Beller.45  To an oven-dried 50-
mL Schlenk flask equipped with a magnetic stir bar, septum and internal temperature probe was charged 
with argon.  Diol 72 (2.500 g, 8.49 mmol, 1 equiv) was added to the reaction flask and dissolved in 
anhydrous DCM (27 mL).  The reaction mixture was cooled to an internal temperature of −30 °C via a 
methanol/water dry ice bath.  Bromine was added dropwise to the reaction mixture, ensuring the internal 
temperature stayed below −25 °C, affording a dark red solution.  The reaction was monitored by TLC and 
found that complete consumption of diol 72 occurred after 0.5 h.  A sat. solution of NaHSO3 (25 mL) was 
added dropwise to quench excess bromine.  The addition took 1 h, with an internal temperature below −20 
°C.  The mixture was allowed to slowly warm to room temperature overnight.  The organic and aqueous 
phases were partitioned.  The organic layer was washed with sat. NaHSO3 (3 x 15 mL) and chilled DI H2O 
(3 x 15 mL).  The resulting organic layer was dried over Na2SO4, filtered and concentrated via rotary 
evaporation to afford a light yellow foaming solid (3.85 g, 99%).  
 Data for 74: 
Mol. Formula:  C20H20Br2O2 
M.W.  452.19 
1H NMR: (500 MHz, Chloroform-d) 
δ 7.28 (s, 2H), 5.09 (s, 2H), 2.78 – 2.70 (m, 4H), 2.28 (dt, J = 17.5, 5.8 Hz, 2H), 2.09 (dt, 
J = 16.7, 5.8 Hz, 2H), 1.73 (dddd, J = 10.8, 6.4, 4.6, 1.6 Hz, 4H), 1.70 – 1.61 (m, 4H). 









Diether dibromide 66 was prepared by modifying a procedure by Beller.45  To an oven-dried 50-mL three-
neck flask equipped with a magnetic stir bar, addition funnel and internal temperature probe, stopper and 
gas inlet was charged with argon.  NaH (325 mg, 13.28 mmol, 4 equiv) was suspended in anhydrous THF 
(6.8 mL).  Dibromide 74 (1.540 g, 3.32 mmol, 1 equiv) was added to the addition funnel and dissolved in 
anhydrous THF (6.8 mL).  The suspension was cooled to an internal temperature of 0 °C via an ice-water 
bath.  The dibromide solution was added dropwise over 3 min with the observed internal temperature was 
below 5 °C.  After complete addition, the addition funnel was rinsed with anhydrous THF (0.9 mL). The 
reaction was stirred at 0 °C for 1 h.  MOMCl (0.6 mL, 7.64 mmol, 2.3 equiv) was added slowly over 6 min 
resulting in a cloudy and yellow reaction mixture.  The internal temperature remained under 1 °C.  The 
mixture was allowed to slowly warm to room temperature followed by an additional 3 h at room 
temperature.  The reaction was monitored by TLC.  After complete consumption of starting material, DI 
H2O (16.6 mL) was added to quench unreacted NaH.  The two liquid layers were partitioned.  The aqueous 
layer was extracted with EA (3 x 15 mL).  The combined organic layers were dried over MgSO4, filtered 
and concentrated.  The viscous oil was triturated to remove any residue solvent to afford a viscous pale 
yellow oil (1.71 g, 96%).  
 Data for 66: 
Mol. Formula:  C24H28Br2O4 
M.W.  540.29 
1H NMR: (500 MHz, Chloroform-d) 
δ 7.32 (s, 2H), 4.93 (dd, J = 5.9, 0.8 Hz, 2H), 4.85 (dd, J = 5.9, 0.8 Hz, 2H), 2.86 (s, 8H), 
2.40 (dt, J = 17.0, 6.3 Hz, 2H), 2.11 (dt, J = 17.1, 6.1 Hz, 2H), 1.73 (h, J = 6.6 Hz, 5H), 
1.66 (dt, J = 12.7, 6.4 Hz, 3H). 





Failed Preparation of (2,2’-dimethoxy-5,5’,6,6’,7,7’,8,8’-octahydro-[1,1’-binaphthalene]-3,3’-diyl) 
diboronic acid [RML-EXP-17-A67] 
 
To an oven-dried 250-mL three-neck flask equipped with a magnetic stir bar, septum, stopper and gas inlet 
was charged with TMEDA (2.2 mL, 14.20 mmol, 2.8 equiv) dissolved in anhydrous Et2O (79 mL).  n-
Butyllithium (9.4 mL, 15.00 mmol, 3 equiv, 1.6 M) was added to the reaction mixture at room temperature. 
Complexation of the lithium was allowed to occur for 30 min.  Diether 73 (1.6131 g, 5.00 mmol, 1 equiv) 
was added in a single portion.  The solution gradually turned into an orange suspension.  Diether 73 was 
allowed to lithiated for 3 h.  The suspension was cooled to an internal temperature of −78 °C via an 
acetone/dry ice bath. Trimethyl borate (3.46 mL, 31.0 mmol, 6.2 equiv) was added dropwise over 15 min 
with the internal temperature not reaching above −74 °C.  The mixture produced a white precipitate.  The 
mixture was allowed to warm to room temperature overnight.  After 12 h, the reaction mixture was cooled 
back down to 0 °C via an ice-water bath.  The boronate esters were then cleaved to the corresponding 
boronic acid via addition of 1 N HCl (38 mL, 11 equiv).  The bath was removed and the mixture was 
allowed to mix for 2 h at room temperature.  The two layers were partitioned.  The aqueous layer was 
extracted with Et2O (3 x 30 mL).  The organic layer was washed with 1 N HCl (3 x 30 mL).  Vent often to 
release the built up pressure. The organic layer was dried with brine (1 x 30 mL) and Na2SO44.  The dried 
layer was filtered and concentrated to afford a white solid (1.60 g, 99% recovered starting material). 
5.7.2. Synthesis of (R)-BINOL Derivatives 
Preparation of 2,2’-Bis(methoxymethoxy)-1,1’)-Binaphthalene [RML-EXP-17-A20] 
 
Diether 75 was prepared by modifying a procedure by Chong.47  To an oven-dried 1-L three-neck flask 
equipped with a magnetic stir bar, septum, gas inlet, stopper and internal temperature probe, purged with a 




anhydrous THF (300 mL). The reaction mixture was cooled to 0 °C (internal temperature) via an ice-water 
bath.  Washed NaH (5.2828 g, 220 mmol, 2.2 equiv) was added portion-wise over 1 h.  In the initial addition 
of NaH, significant gas release was observed, corresponding to deprotonation.  Addition of NaH could be 
increased towards the end of the hour.  The reaction mixture turned bright yellow.  The solution was warmed 
to room temperature and then reacted for 1 h.  The mixture was cooled back to 0 °C and MOMCl (105 mL, 
220 mmol, 2.2 equiv, 2.1 M) was added dropwise over 1 h.  The mixture was allowed to warm to room 
temperature and react for a further 3 h.  Upon reaction completion, DI H2O (150 mL) was added to the 
solution.  To contain the gas evolution, the first 5-mL of DI H2O was added slowly.  After this point the 
rest of the water was added over 20 min.  The layers were partitioned.  The aqueous layer was extracted 
with DCM (3 x 50 mL).  The combined organic layers were dried over Na2SO4, filtered and concentrated.  
The viscous oil was triturated with MeOH.  The mixture was allowed to precipitate out white solid at −20 
°C for 12 h.  The white solid was filtered, dried and isolated affording diether 75 (36.4743 g, 98%).  
 Data for 75: 
Mol. Formula:  C24H22O4 
M.W.  374.44 
1H NMR: (500 MHz, Chloroform-d) 
δ 7.95 (d, J = 9.0 Hz, 2H), 7.87 (d, J = 8.2 Hz, 2H), 7.58 (d, J = 9.1 Hz, 2H), 7.34 (ddd, J 
= 8.1, 6.7, 1.3 Hz, 2H), 7.22 (ddd, J = 8.1, 6.7, 1.3 Hz, 2H), 7.15 (dq, J = 8.5, 0.9 Hz, 
2H), 5.08 (d, J = 6.8 Hz, 2H), 4.98 (d, J = 6.8 Hz, 2H), 3.14 (s, 6H). 
TLC:  Rf 0.32 (9:1 Hex/EA) [UV] 
Preparation of 3,3’-Dibromo-2,2’-bis(methoxymethoxy)-1,1’)-binaphthalene [RML-EXP-17-A11] 
 
Dibromide 63 was prepared by modifying a procedure by Chong.47 To an oven-dried 50-mL Schlenk flask 
equipped with a magnetic stir bar, septum and internal temperature probe was added diether 75 (1.8743 g, 
5.00 mmol, 1 equiv).  The diether 75 was dissolved in anhydrous Et2O (85 mL).  n-Butyllithium (8.2 mL, 




over 3 h at room temperature.  The solution turned from a light orange to dark brown suspension.  
Anhydrous THF (11 mL) was added to the reaction mixture to complex excess lithium.  The reaction was 
allowed to stir at room temperature for 1 h.  The reaction mixture was cooled to 0 °C (internal temperature) 
via an ice-water bath.  To the chilled solution was added DBTCE (5.3786 g, 16.50 mmol, 3.3 equiv) in one 
portion.  The mixture immediately became clear and bright orange.   The reaction was allowed to reach 
room temperature over an hour.  The excess base was quenched with DI H2O (60 mL) and allowed to stir 
overnight.   The layers were partitioned.  The aqueous layer was extracted with DCM (3 x 50 mL).  The 
combined organic layers were dried over Na2SO4, filtered and concentrated.  The brown solid was loaded 
onto Celite and was chromatographically purified (120 g ISCO column, 9:1 hex/EA) affording a white solid 
(1.7345 g, 65%).  
 Data for 63: 
Mol. Formula:  C24H20Br2O4 
M.W.  532.23 
1H NMR: (500 MHz, Chloroform-d) 
δ 8.27 (s, 2H), 7.80 (d, J = 8.3 Hz, 1H), 7.44 (ddd, J = 8.2, 6.8, 1.2 Hz, 2H), 7.31 (ddd, J 
= 8.1, 6.8, 1.3 Hz, 2H), 7.18 (dq, J = 8.5, 0.9 Hz, 2H), 4.82 (dd, J = 5.8, 4.3 Hz, 4H), 2.57 
(s, 6H). 
TLC:  Rf 0.71 (9:1 Hex/EA) [UV] 
Preparation of 3,3’-Diiodo-2,2’-bis(methoxymethoxy)-1,1’)-binaphthalene [RML-EXP-17-A30] 
 
Diiodide 62 was prepared by modifying a procedure by Chong.47  To an oven-dried 1-L three-necked round 
bottomed flask equipped with a magnetic stir bar, septum and internal temperature probe was added diether 
75 (9.3616 g, 25.00 mmol, 1 equiv).  The diether 75 was dissolved in anhydrous Et2O (425 mL).  n-
Butyllithium (38 mL,  75.0 mmol, 3.3 equiv, 2.03 M) was added in one portion into the reaction flask.  The 
metalation occurred over 3 h at room temperature.  The solution turned from a clear light orange to dark 




The reaction was allowed to stir at room temperature for 1 h.  The reaction mixture was cooled to −78 °C 
(internal temperature) via an acetone/dry ice bath.  To the chilled solution was added I2 (19.04 g, 75.0 mmol, 
3.3 equiv) in one portion.  Addition of the electrophile was done in the dark with minimal exposure to light.  
The mixture became green, transitioned to gray and then brown.   The reaction was allowed to slowly warm 
to room temperature overnight.  The reaction was quenched with sat. aq. NH4Cl (275 mL).  The layers were 
partitioned.  The aqueous layer was extracted with EA (3 x 50 mL).  The combined organic layers were 
dried over Na2SO4, filtered and concentrated.  The brown solid was loaded onto Celite and was 
chromatographically purified via silica gel (9 cm x 17.2 cm, 9:1 Hex/Acetone, 1 L fractions) and yielded a 
yellow solid (, 92.1 %). 9 cm, 9:1 hex/EA) affording a white solid (15.35 g, 98%).  
 Data for 62: 
Mol. Formula:  C24H20I2O4 
M.W.  625.95 
1H NMR: (500 MHz, Chloroform-d) 
δ 8.54 (s, 2H), 7.78 (d, J = 8.3 Hz, 2H), 7.43 (ddd, J = 8.1, 6.7, 1.2 Hz, 2H), 7.30 (ddd, J 
= 8.2, 6.8, 1.3 Hz, 2H), 7.17 (d, J = 8.7 Hz, 1H), 4.81 (d, J = 5.7 Hz, 2H), 4.69 (d, J = 5.7 
Hz, 2H), 2.60 (d, J = 0.6 Hz, 6H). 
TLC:  Rf 0.53 (9:1 Hex/Acetone) [UV] 
Preparation of (2,2’-bis(methoxymethoxy)-[1,1’-binaphthalene]-3,3’-diyl)diboronic acid [RML-
EXP-17-A13] 
 
Diboronic acid 69 was prepared by modifying a procedure by Chong.47  A large quantity of 
diboronic acid 69 was not synthesized and stored.  This is the test scale reaction.  To an oven-dried 50-mL 
Schlenk flask equipped with a magnetic stir bar, septum, and internal temperature probe was charged with 
TMEDA (2.2 mL, 14.20 mmol, 2.8 equiv) dissolved in anhydrous Et2O (79 mL) under an inert atmosphere.  
n-Butyllithium (7.3 mL, 15.00 mmol, 3 equiv, 2.03 M) was added to the reaction mixture at room 




g, 5.00 mmol, 1 equiv) was added in a single portion.  The solution gradually turned into an orange 
suspension.  Diether 75 was allowed to metalate for 3 h.  The suspension was cooled to an internal 
temperature of −78 °C via an acetone/dry ice bath. Trimethyl borate (3.5 mL, 31.0 mmol, 6.2 equiv) was 
added dropwise over 15 min with the internal temperature not reaching above −69 °C.  The mixture 
produced a green followed by a white precipitate.  The mixture was allowed to warm to room temperature 
overnight.   
After 12 h, the reaction mixture was cooled back down to 0 °C via an ice-water bath.  The boronate 
esters were then cleaved to the corresponding boronic acid via addition of 1 N HCl (38 mL, 11 equiv).  The 
bath was removed and the mixture was allowed to mix for 2 h at room temperature.  The two layers were 
partitioned.  The aqueous layer was extracted with Et2O (3 x 30 mL).  The organic layer was washed with 
1 N HCl (3 x 30 mL).  Vent often to release the built up pressure. The organic layer was dried with brine (1 
x 30 mL) and Na2SO44.  The dried layer was filtered and concentrated to afford a white solid (1.756 g, 76%, 
>98% purity).  
 Data for 69: 
Mol. Formula:  C24H24B2O8 
M.W.  462.17 
1H NMR: (500 MHz, Chloroform-d) 
δ 7.99 (d, J = 8.2 Hz, 3H), 7.49 – 7.44 (m, 2H), 7.35 (ddd, J = 8.1, 6.7, 1.2 Hz, 2H), 7.20 
(dt, J = 8.5, 1.0 Hz, 2H), 6.02 (d, J = 1.3 Hz, 5H), 4.43 (dd, J = 5.4, 0.9 Hz, 2H), 4.39 – 
4.33 (m, 2H), 3.05 (s, 6H). 
TLC:  Rf 0.02 (9:1 Hex/EA) [UV] 
Preparation of 2,2’-Dimethoxy-1,1’-Binaphthalene [RML-EXP-17-A42] 
 
Diether 76 was prepared by modifying a procedure by Jung.49  To an oven-dried 500-mL three-neck flask 
equipped with a magnetic stir bar, septum, gas inlet, stopper and internal temperature probe, purged with a 




anhydrous THF (256 mL). The reaction mixture was cooled to 0 °C (internal temperature) via an ice-water 
bath.  Washed NaH (2.3130 g, 96 mmol, 2.2 equiv) was added portion-wise over 15 min.  In the initial 
addition of NaH, significant gas release was observed, corresponding to deprotonation.  Addition of NaH 
could be increased towards the end, of solid addition.  The reaction mixture turned bright yellow.  The 
solution was warmed to room temperature and then reacted for 1 h.  The mixture was cooled back to 0 °C 
and MeI (26 mL, 175 mmol, 4 equiv) was added dropwise over 3 min in the dark.  The mixture was allowed 
to warm to room temperature and react for another 3 h.  Upon reaction completion, DI H2O (50 mL) was 
added to the solution.  To contain the gas evolution, the first 5-mL of DI H2O was added slowly.  After this 
point the rest of the water was added over 20 min.  The layers were partitioned.  The aqueous layer was 
extracted with DCM (3 x 50 mL).  The combined organic layers were dried over Na2SO4, filtered and 
concentrated affording a pale yellow solid (13.75 g, 99%).  
 Data for 76: 
Mol. Formula:  C22H18O2 
M.W.  314.38 
1H NMR: (500 MHz, Chloroform-d) 
δ 7.98 (d, J = 8.9 Hz, 2H), 7.86 (dd, J = 8.1, 1.2 Hz, 2H), 7.46 (d, J = 9.0 Hz, 2H), 7.31 
(ddd, J = 8.0, 6.6, 1.2 Hz, 3H), 7.21 (ddd, J = 8.1, 6.7, 1.3 Hz, 3H), 7.10 (dd, J = 8.6, 1.1 
Hz, 2H), 3.77 (s, 6H). 
TLC:  Rf 0.44 (9:1 Hex/Acetone) [UV] 
Preparation of 3,3’-dibromo-2,2’-dimethoxy-1,1’-binaphthalene [RML-EXP-17-A45] 
 
Diether 64 was prepared by modifying a procedure by List.50  To an oven-dried 25-mL Schlenk flask 
equipped with a magnetic stir bar, septum and internal temperature probe was added TMEDA (0.53 mL, 
3.50 mmol, 2.2 equiv) and dissolved in anhydrous Et2O (27 mL). n-Butyllithium (2.4 mL, 4.77 mmol, 3.0 
equiv, 2.03 M) was added in one portion into the reaction flask.  The mixture was allowed to stir for 15 min 




suspension.  The mixture was allowed to metalation over 3 h at room temperature.  The solution turned 
from a light orange to a light brown suspension.  The reaction mixture was cooled to −78 °C (internal 
temperature) via an acetone/dry ice bath.  To the chilled solution was added Br2 (1.0 mL, 19.24 mmol, 12.1 
equiv) dropwise over 20 min, with the internal temperature staying under −66 °C.  The mixture immediately 
turned green and finally orange.   The reaction was allowed to warm slowly overnight.   
The resulting mixture was cooled to 0 °C via an ice-water bath.  Sat. Na2SO3 (16.5 mL) was added dropwise 
over 0.5 h.  The reaction mixture was allowed to quench for an additional 4 h at room temperature.  The 
reaction was diluted with Et2O (5 mL) and DI H2O (5 mL).  The layers were partitioned.    The organic 
layer was washed with brine (3 x 10 mL) and dried over Na2SO4.  The dried layer was filtered and 
concentrated to a yellow solid.  The crude solid was loaded onto Celite and was chromatographically 
purified (3 cm x 15.5 cm silica gel, 9:1 hex/Acetone with 20-mL fractions) affording a white solid (0.494 
g, 66%). 
Data for 64: 
Mol. Formula:  C22H16Br2O2 
M.W.  469.95 
1H NMR: (500 MHz, Chloroform-d) 
δ 8.27 (s, 2H), 7.82 (d, J = 8.2 Hz, 2H), 7.42 (dd, J = 7.9, 6.5 Hz, 2H), 7.29 (d, J = 1.3 
Hz, 2H), 7.08 (d, J = 8.7 Hz, 2H), 3.51 (s, 6H). 
TLC:  Rf 0.63 (9:1 Hex/Acetone) [UV, CAM] 
Preparation of (2,2’-dimethoxy-[1,1’-binaphthalene]-3,3’-diyl)diboronic acid[RML-EXP-17-A99] 
 
Diboronic acid 65 was prepared by modifying a procedure by List.50  To an oven-dried 250-mL Schlenk 
flask equipped with a magnetic stir bar, septum and internal temperature probe was added TMEDA (9.54 
mL, 63.2 mmol, 2.8 equiv) and dissolved in anhydrous Et2O (79 mL). n-Butyllithium (42.0 mL, 66.8 mmol, 
3.0 equiv, 1.6 M) was added in one portion into the reaction flask.  The mixture was allowed to stir for 15 




in a suspension.  The mixture was allowed to metalation over 3 h at room temperature.  The solution turned 
from a light orange to a light brown suspension.  The reaction mixture was cooled to −78 °C (internal 
temperature) via an acetone/dry ice bath.  To the chilled solution was added B(OMe)3 (15.4 mL, 138 mmol, 
6.2 equiv) dropwise over 20 min, with the internal temperature staying under −66 °C.  The mixture 
immediately turned lime green with white solid to brown with light brown precipitate.   The reaction was 
allowed to warm slowly overnight.   
The resulting mixture was cooled to 0 °C via an ice-water bath.  Hydrochloric acid (170 mL, 11 equiv, 1 
N) was added slowly over 0.5 h.  The reaction mixture was warmed to room temperature and allowed to 
hydrolyze for 2 h. The organic and aqueous layers were partitioned.  The organic layer was washed with 1 
N HCl (3 x 50 mL), brine (3 x 50 mL) and dried over Na2SO4.  The dried layer was filtered and concentrated 
to a pale orange solid.  The crude solid was triturated with toluene to give a fine white powder (5.9598 g, 
58%). 
Data for 65: 
Mol. Formula:  C22H20B2O6 
M.W.  402.02 
1H NMR: (500 MHz, Chloroform-d) 
δ 8.61 (s, 2H), 7.99 (d, J = 8.5 Hz, 2H), 7.44 (ddd, J = 8.1, 6.7, 1.2 Hz, 2H), 7.32 (ddd, J 
= 8.2, 6.7, 1.3 Hz, 2H), 7.17 – 7.14 (m, 3H), 5.85 (s, 4H), 3.31 (s, 6H). 
5.7.3. Formation of BPA Catalysts in the Training Set 
Preparation of (5’)-Bromo-4,4”-dimethoxy-1,1’:3’,1”-terphenyl [RML-EXP-17-B55] 
Terphenyl 86 was prepared by modifying a procedure by Connon.55 To an oven-dried 50-mL 3-necked 
round bottomed flask equipped with a magnetic stir bar, stopper, addition funnel with a septum, reflux 
condenser and gas inlet was charged with freshly ground magnesium metal (760. mg, 81.2 mmol, 5.5 equiv) 




anhydrous THF (5.0 mL), which formed a purple solution with Mg metal suspended.  To the addition funnel 
was added 4-bromo methoxy benzene (3.55 mL, 5.31 g, 28.4 mmol, 5.0 equiv).  Three drops of the bromide 
was added to the reaction vessel which resulted in a dark orange suspension.  The solution was heated to 
reflux to initiate the Grignard formation.  After three mins, the solution turned to a cream suspension.  The 
remaining 4-bromo methoxy benzene was added to the reflux solution dropwise.  The solution was refluxed 
for an additional hour after full addition of 4-bromo methoxy benzene.  The reaction mixture was cooled to 
room temperature.  A solution of 1,3,5-tribromo-2-iodobenzene (2.500 g, 5.67 mmol) in anhydrous THF 
(16.0 mL) was added to the additional funnel, which was subsequently added dropwise to the mixture.  The 
mixture was heated to a reflux and allowed to stir overnight. 
The resulting brown mixture was cooled to room temperature.  To the vigorously stirring mixture was added 
HCl (12.5 mL, 2 N) via a slow addition, to minimize the heat evolution.  DCM (12.5 mL) was added to the 
yellow/brown mixture.  The two layers were partitioned followed by an extraction of the aqueous layer with 
DCM (3 x 12.5 mL).  The combined organic layers were dried over MgSO4.  The dried layer was filtered 
and concentrated to a brown oil.  The crude oil was loaded onto Celite and was chromatographically purified 
(8 cm x 19.6 cm silica gel, 98:2 →90:10 hex/EA gradient with 50-mL fractions) affording a white solid 
(613. mg, 29%). 
Data for 86: 
Mol. Formula:  C20H17BrO2 
M.W.  369.26 
1H NMR: (500 MHz, Chloroform-d) 
δ 7.62 (d, J = 1.0 Hz, 3H), 7.56 – 7.51 (m, 4H), 7.03 – 6.95 (m, 4H), 3.86 (s, 6H). 
TLC:  Rf 0.44 (9:1 Hex/EA) [UV] 
Preparation of (4-Cyclohexylphenyl) Boronic Acid [RML-EXP-17-B03] 
 
To a flame-dried 100-mL one-necked round bottomed flask equipped with a magnetic stir bar, gas inlet, 




6.15 mmol, 1 equiv) dissolved in anhydrous THF (15 mL) under an inert atmosphere.  The reaction mixture 
was cooled to −78 °C (internal temperature) via an acetone/dry ice bath. n-Butyllithium (4.4 mL, 6.76 
mmol, 1.1 equiv, 1.6 M) was added dropwise to ensure the internal temperature did not warm over −68 °C.  
The mixture was allowed to stir at −78 °C for 20 min.  After 10 min, the reaction solution changed from a 
pale yellow to a suspension with a white precipitate.  Trimethyl borate (1.8 mL, 15.37 mmol, 2.5 equiv) 
was added dropwise to the reaction mixture.  After complete addition of borate, the reaction mixture turned 
clear and was allowed to slowly warm to room temperature overnight.  Hydrolysis to the boronic acid was 
completed with 1 N HCl (5 mL, 11 equiv).  The hydrolysis continued for 2 h at room temperature.   
The organic and aqueous layers were partitioned.  The aqueous layer was extracted with Et2O (3 x 15 mL).  
The combined organic layers were dried over MgSO4.  The dried organic layer was filtered and concentrated 
to an off-white solid (1.30 g, 99%, >98% purity).  The crude solid was directly used in the resulting cross-
coupling. 
Data for 90: 
Mol. Formula:  C12H17BO2 
M.W.  204.08 
1H NMR: (500 MHz, Chloroform-d) 
δ 8.16 (d, J = 8.0 Hz, 2H), 7.35 (d, J = 8.0 Hz, 2H), 2.59 (td, J = 11.6, 5.8 Hz, 1H), 1.90 
(dd, J = 24.3, 11.8 Hz, 4H), 1.44 (dddd, J = 28.2, 15.6, 9.0, 2.9 Hz, 5H), 1.36 – 1.21 (m, 
1H). 
5.7.4. Attempted Suzuki-Miyaura Couplings towards BPA Training Set 
Coupling with H8-(R)-BINOL Derived Diboronic Acids 
 
 
1,4-Dioxane and water were both sparged for 1 h with argon. Suzuki-Miyaura couplings with diboronic 
acids have been previously described by Zhang.56   To a flame-dried 25-mL one-necked flask equipped 




equiv) under an inert atmosphere.  To the reaction mixture was added sparged 1,4-dioxane (7.0 mL) 
followed by diboronic acid 68 (0.732 mmol, 1 equiv).  Barium hydroxide octahydrate (0.732 mmol, 1 equiv) 
was added to the reaction flask followed by the addition of sparged DI H2O (2.3 mL).  The mixture was 
refluxed at 100 °C for 24 h.  The reactions were monitored by TLC through the consumption of diboronic 
acid 68. 
The reaction mixture was allowed to cool to room temperature.  The base was neutralized through the 
addition of 3 N HCl (2 mL) and stirred for 1 h at room temperature.  The layers were partitioned.  The 
aqueous layer was extracted with DCM (3 x 5 mL).  The combined organic layers were washed with brine 
(3 x 15 mL) and finally dried with Na2SO4.  The dried layer was filtered and concentrated to afford 
recovered bromides, either 9-anthryl bromide or 1-bromo-4-nitrobenzene. 
General Procedure 9: Suzuki-Miyaura Coupling with (R)-BINOL Derived Diboronic Acids  
 
1,4-Dioxane and water were both sparged for 1 h with argon. Suzuki-Miyaura couplings with diboronic 
acids 65 have been previously described by Zhang.56   To a flame-dried 50-mL one-necked flask equipped 
with a magnetic stir bar, gas inlet, reflux condenser and septum was charged with Pd(PPh)3 (0.057 g, 0.04 
equiv) under an inert atmosphere.  To the reaction mixture was added sparged 1,4-dioxane (7.5 mL) 
followed by diboronic acid 65 (1.244 mmol, 1 equiv).  Barium hydroxide octahydrate (1.18 g, 3.73 mmol, 
3 equiv) was added to the reaction flask followed by the addition of sparged DI H2O (2.5 mL).  The mixture 
was refluxed at 100 °C for 24 h.  The reactions were monitored by TLC through the consumption of 
diboronic acid 65. 
The reaction mixture was allowed to cool to room temperature.  The mixture was diluted with DCM (6 
mL), and DI H2O (6 mL).  The mixture was transferred to a larger reaction flask and the reaction mixture 
was concentrated.  The white residue was redissolved in DCM (5 mL).  The organic layer was washed with 
1 N HCl (3 x 5 mL) and dried with brine (3 x 5 mL).  Finally the organic layer was dried with Na2SO4.  The 
dried layer was filtered and concentrated to afford the cross-coupled product, which was purified by flash 
chromatography. 




Preparation of 3,3’-Bis(3,5-difluoro-4-(trifluoromethyl)phenyl)-2,2’-dimethoxy-1,1’-binaphthalene 
[RML-EXP-17-B16] 
 
Following General Procedure 9 (1-bromo-3,5-difluoro-4-(trifluoromethyl)benzene, 0.556 mL) gave a crude 
mixture which was purified with a gradient elution from 100% hexane to 80:20 Hex/EA (120 g ISCO 
column and 25 mL fractions).  White solid was obtained in 160.3 mg, 19% yield.  The yield can be further 
increased through recrystallization of contaminated product.  
Data for 91: 
Mol. Formula:  C36H20F10O2 
M.W.  674.13  
1H NMR: (500 MHz, Chloroform-d) 
δ 8.01 (s, 2H), 7.96 (d, J = 8.3 Hz, 2H), 7.51 – 7.44 (m, 7H), 7.34 (ddd, J = 8.3, 6.8, 1.3 
Hz, 2H), 7.19 (d, J = 8.5 Hz, 2H), 3.21 (s, 6H). 
Preparation of 4,4’-(2,2’-[1,1’-binaphthalene]-3,3’-diyl)bis(2-fluoropyridine) [RML-EXP-17-B19] 
 
Following General Procedure 9 (4-bromo-2-fluoropyridine, 0.4 mL) gave a crude mixture which was 
purified with a gradient elution from 9:1 Hex/EA to 6:4 Hex/EA (5 cm x 18 cm).  White solid was obtained 




Data for 92: 
Mol. Formula:  C32H22F2O2N2 
M.W.  504.54 
1H NMR: (500 MHz, Chloroform-d) 
δ 8.32 (d, J = 5.2 Hz, 2H), 8.05 (s, 2H), 7.97 (d, J = 8.2 Hz, 2H), 7.62 (d, J = 5.2 Hz, 2H), 
7.48 (s, 1H), 7.38 (s, 2H), 7.35 (td, J = 7.6, 6.8, 1.1 Hz, 3H), 7.21 (d, J = 8.5 Hz, 2H), 3.21 
(s, 5H). 




Glyme, EtOH and water were sparged for 1 h with argon.  To a flame-dried 25-mL one-necked round 
bottomed flask equipped with a magnetic stir bar, gas inlet, stopper, reflux condenser and septum was 
charged with Pd(PPh3)4 (39.5 mg, 0.031 mmol, 0.03 equiv) and glyme (5.2 mL).  Dibromide 67 (502.3 mg, 
1.041 mmol, 1.0 equiv) was added and stirred for 10 min at room temperature.  Boronic acid 90 (660.5 mg, 
3.12 mmol, 3.0 equiv) in a solution of EtOH (5.2 mL) was added to the reaction flask.  Finally 2 M aqueous 
Na2CO3.  The reaction mixture was refluxed overnight at 90 °C.   The reaction was cooled to room 
temperature and the mixture was filtered through a bed of Celite (2 cm).  The Celite was washed with EA 
(20 mL).  The combined organic layers were dried with brine (3 x 15 mL) and over Na2SO4.  The organic 
layer was filtered and concentrated to a crude orange oil.  The crude oil was purified chromatographically 
(3 cm x 20.0 cm silica gel, gradient elution 98:2 to 96:4 Hex/EA, 25-mL fractions) affording a white solid 
(601.9 g, 76%). 




Mol. Formula:  C46H54O2 
M.W.  638.94 
1H NMR: (500 MHz, Chloroform-d) 
δ 7.52 (d, J = 8.2 Hz, 3H), 7.22 (d, J = 8.1 Hz, 3H), 7.09 (s, 2H), 3.24 (s, 4H), 2.82 (t, J = 
6.1 Hz, 4H), 2.53 (dt, J = 11.4, 5.7 Hz, 3H), 2.42 (dt, J = 17.1, 6.1 Hz, 2H), 2.22 (dt, J = 
17.0, 6.2 Hz, 2H), 1.92 (d, J = 10.5 Hz, 5H), 1.85 (d, J = 10.2 Hz, 3H), 1.74 (ddd, J = 
21.0, 10.4, 6.4 Hz, 11H), 1.43 (h, J = 12.5 Hz, 8H), 1.32 – 1.20 (m, 2H). 
5.8. Investigation into a Brønsted Acid Catalyzed Classical Ugi Reaction 
5.8.1. Preparation of Authentic N-Benzyl-N-(1-(tert-butylamino)-3-methyl-1-oxobutan-2-
yl)benzamide [RML-EXP-17-A36] 
 
To a flame-dried, acid and base washed dram vial equipped with a magnetic stir bar, cap with a septum, 
and needle argon inlet was added distilled isobutrylaldehyde (72.0 mg, 90.0 μL, 1.00 mmol) dissolved in 
anhydrous MeOH (1.0 mL).  Benzyl amine (109. mg, 110. μL, 1.00 mmol, 1.0 equiv) was added to the vial 
at room temperature.  The mixture was stirred for 20 min at room temperature.  Benzoic acid (123.9 mg, 
1.00 mmol, 1.0 equiv) was added to the apparatus via removal of the cap.  After the cap was placed back 
on the vial, tert-butyl isocyanide (85.0 mg, 115. μL, 1.00 mmol, 1.0 equiv) was added to the vial.  The 
reaction was stirred at room temperature for 3 days, after which complete consumption was observed by 
1H-NMR. The crude mixture was diluted with MeOH and transferred to one necked round bottomed flask.  
The solution was concentrated to afford a white solid (395.4 mg, quant). 
Data for 35: 
Mol. Formula:  C23H30N2O2 
M.W.  366.23 




δ 7.49 – 7.27 (m, 5H), 7.15 (s, 3H), 6.97 (s, 2H), 4.69 (d, J = 15.9 Hz, 1H), 4.46 (d, J = 
15.9 Hz, 1H), 4.03 (d, J = 11.1 Hz, 1H), 2.69 (tt, J = 11.7, 5.4 Hz, 1H), 1.32 (s, 9H), 1.06 
– 0.95 (m, 6H). 
HPLC:   tR = 13.1 min, tR = 17.1 min  
(Astec® Cellulose DMP, 98:2 hexane/isopropanol, 1.0 mL/min, 220 nm, 24 ˚C) 
SFC:   tR = 4.31 min, tR = 5.55 min  
(CHIRALPAK® AD-H, 5-20% MeOH gradient, 1.5 mL/min, 220 nm) 
TLC:  Rf 0.37 (8:2 Hex/EA) [UV] 
5.8.2. Classical Ugi Conversion Determination  
Conversion was determined by taking aliquots and measuring the relative ratio between the 
isocyanide starting material and isopropyl group of the product (Figure 48).  In later experiments 
hexamethyldisilane was used as the internal 1H-NMR standard. All halogenated solvents were based 
through activity one basic alumina to remove any acid.  All dram-vials were acid and base washed and 
dried in the oven for a minimum of 12 h.  All magentic stir bars were acid and base washed.  Imine 98 






Figure 48. General Example of Ugi Conversion Deteremination 
5.8.2.1. General Procedure 10: Survey of Solvent and Temperature  
 
To an oven-dried dram vial equipped with a magnetic stir bar and septum cap was charged with benzoic 
acid (12.0 mg, 0.1 mmol, 1 equiv).  The vial was evacuated and refilled with argon (3 x).  The vial was 
further sealed through addition of parafilm and Teflon tape, to junction of the cap and vial.  Solvent (1 mL) 
was added to the vial.  The reaction was chilled to the desired temperature for 5 min.  If the reaction was 
done above 0 °C, the addition of imine and tert-butylisocyanide occurred at 0 °C.  First imine 98 (16.0 μL, 




vial and not onto the sides.  Finally tert-butylisocyanide (11 μL, 0.1 mmol, 1 equiv) is added to the reaction 
vial.  tert-Butylisocyanide freezes at 0 °C, again the liquid must be added to the center of the vial and 
avoiding addition on the sides. Aliquots were taken at various temperatures using disposable syringes and 
needles which were subsequently bleached, washed and reused.  At the end of the reactions, the mixture 
was concentrated.  All data can be seen in the following tables and graphs.   
Table 14.  −78 °C Ugi Control Reaction Conversions 






2 4.8 0.0 0.0 1.2 
4 11.2 0.0 0.0 1.3 
6 
 
0.0 0.0 1.4 
8 13.6 
   
12 17.1 0.0 0.0 4.6 
24 21.3 0.0 0.0 6.1 



















Control Ugi Reaction ( −78 °C) 





Table 15.  −88 °C Ugi Control Reaction Conversions 





































Table 16.  0 °C Ugi Control Reaction Conversions 
TIME (H) MeCN CHCl3 MeNO2 DMF DCE 
1 
    
42.0 
2 60 46.0 69.9 3.9   
3 
    
42.2 
4 60.6 52.8 72.8 4.6   
5 
    
43.3 











































Control Ugi Reactions (0 °C)





Table 17.  0 °C Ugi Control Reaction Conversions 
Time (H) DCM EA THF Tol 
2 4.8 0.0 0.0 29.8 
4 11.2 8.3 0.0 37.9 
6 
 
13.0 1.7 41.8 
8 13.6 
   
12 17.1 23.1 3.8 49.0 




































Control Ugi Reaction (0 °C) 





Table 18.  20 °C Ugi Control Reaction Conversions  
TIME (H) EA THF Tol 
2 8.3 0.0 38.1 
4 17.4 0.0 46.1 
6 25.7 6.1 48.8 
12 36.9 11.6 54.8 









































5.8.3. pKa and Reaction Optimization of the Classical Ugi 
5.8.3.1. General Procedure 11: Survey of Solvent and Temperature Using 3,3’-H-
substituted (R)-BINOL Derived Catalysts  
 
All reactions had a control experiment without a catalyst to compare the background reaction.  To an oven-
dried dram vial equipped with a magnetic stir bar and septum cap was charged with benzoic acid (12.0 mg, 
0.1 mmol, 1 equiv) and catalyst.  The vial was evacuated and refilled with argon (3 x).  The vial was further 
sealed through addition of parafilm and Teflon tape, to the joint between the cap and vial.  Solvent (1 mL) 
was added to the vial.  The reaction was chilled to the desired temperature for 5 min.  First imine 98 (16.0 
μL, 0.1 mmol, 1 equiv) was added to the reaction vial, making sure that the liquid was injected directly into 
the vial and not onto the sides.  Finally tert-butylisocyanide (11 μL, 0.1 mmol, 1 equiv) is added to the 
reaction vial.  Aliquots were taken at various time points using disposable syringes and needles which were 
subsequently bleached, washed and reused.  At the end of the reactions, the mixture was concentrated and 
the e.r. were determined.  The conversion and e.r. is summarized in the scheme shown directly before the 
resulting data.    







Table 19. Brønsted Acid Catalyzed Ugi Reaction in Tol at –78 °C 
Time (H) Control H8-BINOL PA BINOL PA BINOL N-Triflamide H8 N-Triflamide 
1 0.0 1.8 2.9 8.3 3.9 
2 0.0 1.8 2.9 8.4 4.1 
4 0.0 1.9 2.9 10.9 7.4 
8 1.2 2.0 2.9 12.7 11.4 
24 2.6 4.0 2.9 15.9 21.0 
48 2.7 5.7 4.8 25.8 25.9 
72 3.0 8.3 6.6 36.5 42.3 
96 5.5 8.3 6.8 38.9 
 
 





















Ugi Reaction in Tol (−78°C)




Ugi Catalyzed Reaction at −78 °C in DCM 
Table 20. Brønsted Acid Catalyzed Ugi Reaction in DCM 
Time (H) Control H8-BINOL PA BINOL PA BINOL N-Triflamide H8 N-Triflamide 
1.5 5.8 17.7 10.9 32.0 
 
2 6.5 19.6 12.0 38.5 44.4 
3 6.7 24.8 14.1 52.7 
 
4 12.3 29.7 23.4 54.6 58.8 
6 12.3 35.1 30.4 61.3 65.7 
8 21.5 41.2 35.4 65.6 70.5 
10 23.0 42.9 37.3 67.9 72.3 
12 24.5 44.2 39.5 69.4 
 
24 28.0 46.9 42.4 69.4 73.5 
48 
    
74.1 
52 31.5 48.8 46.7 69.9 
 





Figure 55. Ugi Catalyzed Reaction at −78 °C (DCM) 
 



























Ugi Reaction in DCM (−78 °C)




Table 21. Brønsted Acid Catalyzed Ugi Reaction in Tol at –30 °C 
Time (H) Control BINOL N-Triflamide H8-BINOL Triflamide 
1 12.9 45.3 43.4 
2 19.4 49.4 48.2 
15 33.4 55.2 63.1 
24 34.0 56.6 64.6 
























Ugi Reaction in Tol (−30 °C)




Ugi Catalyzed Reaction at −30 °C in Benzotrifluoride 
 
Table 22. Brønsted Acid Catalyzed Ugi Reaction in Benzotrifluoride 
TIME (H) Control BINOL N-Triflamide H8-BINOL Triflamide 
1 37.8 62.8 57.9 
2 48.8 68.9 63.2 
15 55.9 70.4 69.8 
24 56.1 73.5 72.9 
 























Ugi Reaction: Benzotrifluoride (−30 °C)




5.8.3.2. General Procedure 12: BPA Training Set Evaluation  
 
All reactions had a control experiment without a catalyst to compare the background reaction.  To an oven-
dried dram vial equipped with a magnetic stir bar and septum cap was charged with benzoic acid (12.0 mg, 
0.1 mmol, 1 equiv) and catalyst.  The vial was evacuated and refilled with argon (3 x).  The vial was further 
sealed through addition of parafilm and Teflon tape, to the joint between the cap and vial.  Toluene (1 mL) 
was added to the vial along with Me3SiSiMe3 (5 μL, 0.25 equiv).  The reaction was chilled to −78 °C for 5 
min.  First imine 98 (16.0 μL, 0.1 mmol, 1 equiv) was added to the reaction vial, making sure that the liquid 
was injected directly into the vial and not onto the sides.  Finally tert-butyl isocyanide (11 μL, 0.1 mmol, 1 
equiv) is added to the reaction vial.  Aliquots were taken at various temperatures using disposable syringes 
and needles which were subsequently bleached, washed and reused.  After 72 h, the reactions were 
concentrated.   The samples were purified by preparative TLC and the enantiomeric ratio was determined 
by CSP-SFC, AD, 220 nm, 1.5 mL/min, 5-20% MeOH gradient. 
Table 23. BPA Training Set Evaluation Data 
Run Cat e.r.a % ee Conversion (%)b 
A H_iv 55:45 −10.00 37 
B H_ix 52:48 − 4.00 42 
C 242_iv 49:51 2.04 75 
D 207_v 46:54 7.42 58 
E 205_ix 52:48 −3.40 60 
F 245_ix 50:50 0.74 59 
G 115_iv 51:49 −3.30 31 
H 100_v 52:48 −3.98 39 
I 229_ix 49:51 1.82 20 
J 229_iv 51:49 −2.44 26 
a Determined by CSP-SFC on AD; b Determined by 1H-NMR after 72 h with hexamethyldisilane as 





Figure 58. BPA Training Set Catalysts Evaluated 
5.9. Investigation into a Brønsted Acid Catalyzed Tethered Ugi Reaction 
5.9.1. Preparation of (E/Z)-4-(Benzylimino)pentanoic Acid [RML-EXP-17-B62] 
 
To a flame-dried 25-mL three-necked round bottomed flask equipped with a magnetic stir bar, gas inlet, 
stopper and septum was charged with MgSO4 (2.5169 g, 20.9 mmol, 4.17 equiv) and anhydrous DCM (4.0 
mL).  Levulinic acid (0.58 mL, 0.66 g, 5.50 mmol, 1.1 equiv) was added and followed by a dropwise 
addition of benzyl amine (0.56 mL, 0.55 g, 5.00 mmol).  Upon the addition of benzyl amine, heat evolution 




sides of the flask.  After 2h at room temperature, full conversion of benzyl amine was observed by 1H-
NMR. The excess MgSO4 was removed via filtration.  The filtrate was concentrated via rotary evaporation 
to a waxy pale yellow solid.  The remaining DCM was removed via titration with hexane affording a pale 
yellow solid (957.3 mg, 93%).  Imine 101 is hydroscopic and kept under an inert atmosphere in a dessicator. 
Data for 101: 
Mol. Formula:  C12H15NO2 
M.W.  205.26 
1H NMR: (500 MHz, DMSO-d6) 
δ 7.42 (d, J = 7.5 Hz, 1.5 H), 7.35 – 7.24 (m, 4H), 7.23 – 7.18 (m, 0.3H), 4.37 (s, 0.67H), 
3.91 (s, 1.37H), 2.60 (t, J = 6.7 Hz, 2H), 2.45 (dd, J = 13.2, 5.2 Hz, 0.69H), 2.32 (t, J = 
6.7 Hz, 2H), 2.09 (s, 3H), 1.86 (s, 1H). 
5.9.2. Preparation of 1-Benzyl-N-(tert-butyl)-2-methyl-5-oxopyrrolidine-2-carboxamide 
[RML-EXP-17-B58] 
 
Lactam, 37, was prepared by modifying a procedure by Westermann.65  To a flame-dried 10-mL one necked 
flask equipped with a magnetic stir bar, septum and vacuum adaptor was added levulinic acid (105. μL, 
110. mg, 0.93 mmol) dissolved in anhydrous MeOH (3.0 mL).  To the solution was added benzyl amine 
(140. μL, 128. mg, 1.17 mmol, 1.26 equiv) followed by the addition of anhydrous MeOH (2.0 mL).  The 
imine formation occurred over 30 minutes at room temperature.  To the solution was added tert-butyl 
isocyanide (115. μL, 78.0 mg, 0.93 mmol, 1.0 equiv).  The reaction was stirred at room temperature for 3 
days, after which complete consumption was observed by 1H-NMR. The crude mixture was concentrated 
to a yellow oil followed by a white solid.  The resulting residue was dissolved in DCM (5 mL).  The organic 
layer was washed with 1 N HCl (3 x 3 mL) and sat. Na2CO3 (3 x 3 mL).  The organic layer was dried over 
Na2SO4, filtered and concentrated via rotary evaporation affording a white solid (215.8 mg, 80%). 
Data for 37: 




M.W.  288.39 
1H NMR: (500 MHz, Chloroform-d) 
δ 7.39 – 7.27 (m, 5H), 5.30 (s, 1H), 4.63 (d, J = 15.1 Hz, 1H), 4.25 (d, J = 15.1 Hz, 1H), 
2.56 – 2.41 (m, 2H), 2.28 (ddd, J = 13.6, 8.9, 4.9 Hz, 1H), 1.96 (dt, J = 13.1, 9.2 Hz, 1H), 
1.47 (s, 3H), 1.03 (s, 9H). 
HPLC:   tR = 8.48 min, tR = 12.07 min  
(Astec® Cellulose DMP, 8:2 hexane/isopropanol, 1.0 mL/min, 220 nm, 24 ˚C) 
5.9.2.1. Tethered Ugi Conversion Determination  
Conversion was determined by taking aliquots and measuring the relative ratio between the tert-
butyl of the lactam and the hexamethyldisilane, internal standard, by 1H-NMR (Figure 59).  All 
halogenated solvents were based through activity one basic alumina to remove any trace acid.  All dram-
vials and magnetic stir bars were acid and base washed and dried in the oven for a minimum of 12 h.     
All liquid additions were done with Hamilton syringes.  




5.9.3. General Procedure 13: Solvent and Concentration Survey 
 
To an oven-dried dram vial equipped with a magnetic stir bar and septum cap was charged with imine acid 
101 (21.0 mg, 0.1 mmol) and Ph_iv catalyst (6.3 mg, 0.01 mmol, 10 mol %).  The vial was evacuated and 
refilled with argon (3 x).  Solvent, either 1 mL (0.1 M) or 0.20 mL (0.5 M), was added to the vial.  The 
reaction was stirred at room temperature for 50 minutes.  To the solution was added tert-butyl isocyanide 
(12.0 μL, 0.1 mmol, 1 equiv) was added to the reaction vial followed by hexamethyldisilane (5.0 μL, 0.025 
mmol, 0.25 equiv).  Aliquots were taken at various times points using disposable syringes and needles 
which were subsequently bleached, washed and reused.  At the end of the reactions, the mixture was 
concentrated and the e.r. was determined.  All data can be seen in the following tables and graphs.  The 
conversion and e.r. is summarized in the scheme shown directly before the resulting data.   All reactions 
had a control experiment without a catalyst to compare the background reaction.   
 







Table 24. Brønsted Acid Catalyzed Tethered Ugi Reaction in DCE 
 Conversion (%) 
Molarity (M) 0.1  0.1  0.5  0.5  
Catalyst None Catalyst None Catalyst 
Time (h) std vs pdt std vs pdt std vs pdt std vs pdt 
0.5 0.58 1.39 1.91 5.47 
2 1.21 2.96 4.14 11.92 
6 3.22 7.84 9.89 27.17 
20.5 7.63 18.56 
  
24 9.12 20.78 36.29 62.35 
er - 47:53 - 48:52 































TETHERED UGI - DCE




Tethered Ugi Catalyzed Reaction at Room Temperature in DCM 
 
Table 25. Brønsted Acid Catalyzed Tethered Ugi Reaction in DCM 
 Conversion (%) 
Molarity (M) 0.1 0.1 0.5 0.5 
Catalyst Control Catalyst Control Catalyst 
Time (h) std vs pdt std vs pdt std vs pdt std vs pdt 
0.5 0.49 1.03 1.92 4.91 
2 1.10 2.28 4.37 10.88 
6 3.35 6.36 12.10 28.44 
20.5 7.71 16.54 
  
24 8.52 19.61 73.69 99.00 
er - 48:52 - 49:51 
% ee - 4 - 2 


























TETHERED UGI - DCM




Tethered Ugi Catalyzed Reaction at Room Temperature in Chloroform 
 
Table 26. Brønsted Acid Catalyzed Tethered Ugi Reaction in Chloroform 
 Conversion (%) 
Molarity (M) 0.1 0.1 0.5  0.5 
Catalyst Control Catalyst Control Catalyst 
Time (h) std vs pdt std vs pdt std vs pdt std vs pdt 
0.5 0.19 0.34 1.02 2.37 
2.5 0.63 2.39 2.99 7.68 
6 1.35 2.62 5.99 14.10 
20.5 4.13 7.71 
  
24 5.45 9.19 23.05 53.44 
er - 50:50 - 48:52 





Figure 62. Tethered Ugi Catalyzed Reaction at Room Temperature in Chloroform 



























TETHERED UGI - CHLOROFORM




Table 27. Brønsted Acid Catalyzed Tethered Ugi Reaction in Toluene 
 Conversion (%) 
Molarity (M) 0.1 0.1 0.5 0.5 
Catalyst Control Catalyst Control Catalyst 
Time (h) std vs pdt std vs pdt std vs pdt std vs pdt 
0.5 0.00 0.05 0.52 0.77 
2.5 0.18 0.19 1.16 3.28 
6 0.41 0.85 2.54 8.23 
20.5 1.53 4.22 
  
24 1.74 5.16 8.00 37.70 
er - 48:52 - 48:52 
% ee - 4 - 4 
 
 


























TETHERED UGI - TOLUENE





Tethered Ugi Catalyzed Reaction at Room Temperature in Benzotrifluoride 
 
Table 28. Brønsted Acid Catalyzed Tethered Ugi Reaction in Benzotrifluoride 
 Conversion (%) 
Molarity (M) 0.1 0.1 0.5 0.5 
Catalyst Control Catalyst Control Catalyst 
Time (h) std vs pdt std vs pdt std vs pdt std vs pdt 
0.5 0.18 0.51 0.74 2.41 
2.5 0.65 1.85 2.41 6.82 
6 1.25 4.04 4.90 13.94 
20.5 3.60 13.25 
  
24 3.72 15.01 15.74 31.79 
er - 46:54 - 49:51 






Figure 64. Tethered Ugi Catalyzed Reaction at Room Temperature in Benzotrifluoride 
 





























TETHERED UGI - BENZOTRIFLUORIDE




Table 29. Brønsted Acid Catalyzed Tethered Ugi Reaction in 4:1 Tol/Benzotrifluoride 
Solvent 4:1 Tol/Benzotrifluoride 
Molarity 0.5 Control 0.5 Cat 
Hour standard vs product standard vs product 
0.5 0.00 0.54 
2.5 0.52 3.28 
6 1.28 9.33 
24 6.58 36.29 
er _ 45.4:54.6 
%ee _ 9.2 
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5.9.4. General Procedure 14: BPA Training Set Evaluation 
 
All reactions had a control experiment without a catalyst to compare the background reaction.  To an oven-
dried dram vial equipped with a magnetic stir bar and septum cap was charged with imine acid 101 (21.0 
mg, 0.1 mmol) and catalyst (10 mol%).  The vial was evacuated and refilled with argon (3 x).  Toluene 
(160.0 μL) and benzotrifluoride (40.0 μL) was added to the vial.  The catalyst dissolved and imine 101 was 
sparingly soluble.  The mixture was stirred for a minimum of ten minutes at room temperature.  tert-Butyl 
isocyanide (12.0 μL, 0.1 mmol, 1 equiv) was added to the reaction vial, making sure that the liquid was 
injected directly into the vial and not the sides.  Finally Me3SiSiMe3 (5 μL, 0.25 equiv) was added to the 
mixture.  Duplicates were run when enough catalyst was available.  Aliquots were taken at various times 
using disposable syringes and needles which were subsequently bleached, washed and reused.  After 24 h, 
the reactions were concentrated.   The samples were chromatographically purified (0.5 cm x 4.0 cm silica 
gel) and eluted with 5.0 mL of HPLC grade MeOH.  The enantiomeric ratio was determined by CSP-NP-
HPLC, Astec© Cellulose DMP, 220 nm, 1.0 mL/min, 80:20 Hex/IPA. 
Table 30. BPA Training Set Evaluation Data 
Run Cat e.r.a % ee Conversion (%)c Conversion (%)d 
A-1 Ph_iv 45:55 9.20 - 29 
A-2 Ph_iv 46:54 7.94 19 29 
Bb 5_x - - 3 4 
C-1 210_ix 50:50 -0.32 26 32 
C-2 210_ix 50:50 -0.20 25 32 
D 100_v 48:52 4.82 24 28 
E-1 245_x 46:54 7.12 20 25 
E-2 245_x 47:53 5.08 20 25 
F-1 223_iv 47:53 6.52 19 25 
F-2 223_iv 47:53 5.98 20 25 
G-1 202_ix 51:49 -2.28 18 22 




Table 30. (cont.) 
Run Cat e.r.a % ee Conversion (%)c Conversion (%)d 
H-1 229_x 54:46 -8.66 10 14 
H-2 229_x 54:46 -8.86 10 14 
I 229_iv 51:49 -1.28 10 14 
J 76_ix 48:52 4.74 10 13 
K 328_x - - 3 4 
L-1 181_v - - 4 6 
L-2 181_v - - 4 6 
M-1 115_iv 47:53 6.04 19 25 
M-2 115_iv 48:52 3.54 20 25 
N-1 205_ix 49:51 1.04 27 42 
N-2 205_ix 50:50 -0.72 27 42 
O-1 182_iv 52:48 -3.16 20 26 
O-2 182_iv 51:49 -1.02 19 27 
P-1 365_ix 48:52 4.46 9 13 
P-2 365_ix 48:52 3.80 9 13 
Q-1 242_v 49:51 2.58 20 27 
Q-2 242_v 49:51 1.14 20 27 
R-1 H_iv 48:52 3.80 17 23 
R-2 H_iv 48:52 4.34 18 24 
S-1 TRIP_iv 47:53 6.44 15 20 
S-2 TRIP_iv 48:52 3.80 15 19 
T-1 PMP_iv 48:52 3.90 18 24 
T-2 PMP_iv 48:52 3.96 18 23 
a Determined by CSP-NP-HPLC on Astec Cellulose DMP; b Too dilute of a sample for an er ratio; c 
Determined by 1H-NMR after 17 h with hexamethyldisilane as the internal standard; d Determined 
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